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Abstract
Nowadays, a careful knowledge of the electromagnetic properties of biological
tissues is required for developing a great number of applications. The development of wireless medical devices, the design of in-body and on-body antennas,
specific absorption rate evaluations, cancer treatment techniques such as hyperthermia and detection techniques like medical imaging are some examples
of applications that rely on these data.
Since cancer causes modifications on the biological structure of cells that
can lead in turn to changes in the electromagnetic properties of the tissues, it
is possible to develop novel detection applications taking advantage of it. One
potential target is colorectal cancer (CRC), as suspicious tissues can be accessed
quite easily through colonoscopy procedures. This kind of cancer is one of the
most spread kinds, being responsible of about 1 out of 10 new cancer cases and
deaths. There are several risk factors currently related to the apprising of this
cancer, although in essence the higher the age of the population, the higher the
incidence of CRC.
Screening programs are key for detecting and diagnosing cancer: if found
at early stages, the probability of survival increases greatly, and the cost of the
treatment can be reduced as well. One of the major objectives of this dissertation is proposing applications for detecting CRC that aid in the colonoscopy
procedures by making use of the differences in electromagnetic properties.
Aside from enhancement in the diagnosis of CRC, improving the colonoscopy
procedure can lead to collateral benefits like a lowering of the burden of anatomical pathology unit.
With the aim at demonstrating the feasibility and the potential future development of these applications, in the framework of this thesis the dielectric
properties of healthy, cancerous and pathological human colon tissues are measured and compared in order to find electromagnetic differences. Measurements
are carried out by means of an open-ended coaxial system. Its principle of operation has been revisited with the aim at maximizing the accuracy of the method,
and the calibration procedure has been optimized serving the same purpose.
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ABSTRACT

Two main sources of colon tissue have been analyzed: samples from colonoscopy
biopsies and samples from surgery resections. Besides healthy tissue, the following colon tissues have been characterized: Adenocarcinomas (CRC), adenomas
without dysplasia, adenomas with low-grade dysplasia, adenomas with highgrade dysplasia, hyperplastic polyps and hamartomatous polyps. Given the
variability that can appear among subjects, the electromagnetic properties of
suspicious tissues from a particular patient have to be always compared with
those of his healthy ones, not evaluated independently.
The second major objective of this thesis involves the development of a new
database of electromagnetic properties of biological tissues obtained at in vivo
conditions. Nowadays, the available collections are limited either in the number
of tissues or the measured frequencies, and hence researchers have to make use
of more complete databases but that were performed ex vivo. The drawback
of using these collections is that results can be compromised by factors such as
lack of blood perfusion and tissue dehydration. Developing this new database
can facilitate the design of applications that needs of a careful knowledge of
these properties.
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Resumen
Conocer las propiedades electromagnéticas de los tejidos biológicos con la mayor
exactitud posible tiene una gran importancia en el diseño de un elevado número
de aplicaciones biomédicas. El diseño de dispositivos médicos inalámbricos, antenas superficiales e intracorporales, evaluación de tasas de absorción electromagnética, técnicas de tratamiento y detección de cáncer como la hipertermia e
imágenes médicas son ejemplos de aplicaciones que requieren esta información
para su desarrollo.
Debido a que el cáncer provoca modificaciones estructurales en las células
que a su vez generan cambios en las propiedades electromagnéticas, es posible desarrollar aplicaciones de detección de cáncer que se basen en este hecho.
Un objetivo potencial es el cáncer de colon (CRC), debido a que los tejidos de
colon sospechosos son accesibles de forma más o menos sencilla durante procedimientos endoscópicos. Este tipo de cáncer es uno de los más extendidos, siendo
responsable de aproximadamente el 10% de casos y muertes totales. Existe un
gran número de factores de riesgo que pueden explicar la aparición de la enfermedad, aunque esencialmente la probabilidad se incrementa significativamente
con el aumento de la edad de la población.
Los programas de cribado sobre la población son crı́ticos: si el cáncer se detecta en etapas tempranas, la probabilidad de sobrevivir se incrementa en gran
medida, y además se reducen los costes asociados. Uno de los objetivos principales de esta tesis es proponer aplicaciones que ayuden en la detección de CRC
durante la colonoscopia haciendo uso de las diferencias en las propiedades electromagnéticas. Aparte de mejoras en el diagnóstico, complementar la colonoscopia puede conllevar otros beneficios colaterales como una reducción en la
carga de anatomı́a patológica.
Para demostrar la viabilidad y el potencial desarrollo futuro de estas aplicaciones, en esta tesis se miden y se trata de encontrar diferencias entre las
propiedades electromagnéticas de tejidos sanos, cancerosos y patológicos de
colon humano. Las medidas han sido llevadas a cabo mediante la técnica del
coaxial terminado en abierto. Con el propósito de incrementar la precisión del
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método, se ha evaluado el principio de funcionamiento y se ha mejorado el
proceso de calibración. Dos fuentes de tejido de colon han sido analizadas en
esta tesis: tejidos procedentes de colonoscopias (biopsias) y tejidos obtenidos
a partir de procedimientos quirúrgicos. Aparte de tejido sano, se estudian
las siguientes patologı́as: Adenocarcinomas (CRC), adenomas sin displasia,
adenomas con bajo grado de displasia, adenomas con alto grado de displasia,
hiperplasias y hamartomas. Debido a la alta variabilidad entre distintos sujetos, las propiedades electromagnéticas de los tejidos sospechosos de un paciente
en concreto deben ser siempre comparadas con las propiedades de sus tejidos
sanos, no evaluadas de forma independiente.
El segundo gran objetivo de esta tesis es el desarrollo de una nueva base
de datos de las propiedades electromagnéticas de tejidos biológicos medidas in
vivo. Ahora mismo, las colecciones disponibles están limitadas en número de
tejidos o frecuencias caracterizadas, obligando a los investigadores a escoger
bases de datos más completas pero realizadas ex vivo. No obstante, usar este
tipo de colecciones tienen fuentes de incertidumbre adicionales dado que las
medidas están condicionadas por la deshidratación de los tejidos y la pérdida
de flujo sanguı́neo. El desarrollo de esta nueva base de datos puede facilitar el
diseño de aplicaciones que requieran conocer las propiedades electromagnéticas
con alto grado de precisión.
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Resum
Conéixer les propietats electromagnètiques dels teixits biològics amb la major
exactitud possible té una gran importància en el disseny d’un gran nombre
d’aplicacions biomèdiques. El disseny de dispositius metges sense fil, antenes
superficials i intracorporals, l’avaluació de taxes d’absorció electromagnètica,
tècniques de tractament i detecció de càncer com ara la hipertèrmia i imatges
mèdiques són exemples d’aplicacions que requerixen esta informació.
Com el càncer provoca modificacions estructurals en les cèl·lules que generen
canvis en les propietats electromagnètiques, és possible desenrotllar aplicacions
de detecció de càncer que es basen en este fet. Un objectiu potencial és el
càncer de còlon (CRC), pel fet que els teixits de còlon sospitosos són accessibles de forma més o menys senzilla durant procediments endoscòpics. Este
tipus de càncer és un dels més estesos, sent responsable d’aproximadament el
10% de casos i morts totals. N’hi ha un gran nombre de factors de risc que
poden explicar l’aparició de la malaltia, encara que en resum la probabilitat
s’incrementa significativament amb l’augment de l’edat de la població.
Els programes de cribratge sobre la població són crı́tics. Si el càncer es
detecta en etapes primerenques, la probabilitat de sobreviure s’incrementa en
gran manera, i a més es reduı̈xen els costos associats. Un dels objectius principals d’esta tesi és proposar aplicacions que ajuden en la detecció de CRC durant
la colonoscòpia fent ús de les diferències en les propietats electromagnètiques.
A banda de millores en el diagnòstic, complementar la colonoscòpia pot comportar altres beneficis col·laterals com una reducció en la càrrega d’anatomia
patològica.
Per a demostrar la fiabilitat i el potencial desenrotllament d’aquestes aplicacions, en aquesta tesi es mesuren i es tracta de trobar diferències entre les
propietats electromagnètiques de teixits sans, cancerosos i patològics de còlon
humà. Les mesures han sigut realitzades mitjançant la tècnica del coaxial acabat en obert. Amb el propòsit d’incrementar la precisió del mètode, s’ha evaluat
el seu principi de funcionament i s’ha millorat el process de calibratge. Dos
fonts de teixit de colon s’han analitzat en aquesta tesi: teixits procedents de
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colonoscòpies (biòpsies) i teixits obtinguts a partir de procediments quirúrgics.
Apart de teixit sà, s’estudien els següents teixits: Adenocarcinomes (CRC),
adenomes sense displàsia, adenomes amb baix grau de displàsia, adenomes
amb alt grau de displàsia, hiperplàsies y hamartomes. Degut a l’alta viariabilitat entre diferents subjectes, les propietats electromagnètiques dels teixits
sospitosos d’un pacient en particular han de ser comparades amb les propietats
dels seus teixits sans, no evaluats independentment.
El segon gran objectiu d’esta tesi és el desenrotllament d’una nova base
de dades de les propietats electromagnètiques de teixits biològics mesurades
in vivo. Ara mateix, les col·leccions disponibles estan limitades en nombre
de teixits o freqüències caracteritzades, obligant els investigadors a triar bases
de dades més completes però realitzades ex vivo. No obstant això, este tipus de col·leccions te fonts d’incertesa addicionals atés que les mesures estan
condicionades per la deshidratació dels teixits i la pèrdua de flux sanguini. El
desenrotllament d’esta nova base de dades pot facilitar el disseny d’aplicacions
que requerisquen conéixer les propietats electromagnètiques amb alt grau de
precisió.
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Chapter 1

Introduction
1.1

Background

The research of the electromagnetic properties of biological tissues has grown
steadily since the early years of the past century [1]. This interest has provided
great contributions to the biophysical and physiological sciences [2], and it led
to a rapid growth of many kinds of biomedical applications as well as different
electromagnetic characterization techniques.
The interaction of the electromagnetic waves with a biological tissue is described by means of three electromagnetic properties: permittivity, conductivity and permeability. These properties, sometimes referred to as dielectric properties, are determined by different factors such as their molecular composition,
cellular structure, the mobility and concentration of ions, and temperature,
among others [3]. Because of these varying factors, these properties differ not
only among tissues, but also among subjects and particular conditions. Understanding how the electromagnetic fields are affected in presence of biological
tissues is critical for many wireless applications, especially if they are intended
to work around or beyond Ultra High Frequency (UHF) frequencies (this is,
above 300 MHz)
For instance, these properties have to be considered thoroughly in the design
steps in order to develop Wireless Medical Devices (WMD) and propagation
systems of a similar nature [4, 5]. They can be used for computing the path
losses that the wireless signals may suffer at their frequencies of operation, as
well as to know their propagation speed and delays. The performance of the
antennas of these kinds of systems are heavily affected if they are in contact
or very close to a human body in terms of radiation patterns and matching
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[6], and hence these properties have to be carefully considered when designing
them.
Specific Absorption Rate (SAR) and Incident Power Density (IPD) evaluations also make use of these properties [7], as the electromagnetic absorption
is directly related to them. These dosimetry indicators have to be assessed for
any wireless system that is aimed to be deployed, especially for systems that
work beyond UHF and Super High Frequency (SHF). Due to the increasing
concern in the society about the effect of electromagnetic fields on the human
health, wireless systems must work within the exposure thresholds indicated
by the regulatory agencies [8–10].
The aforementioned applications can be designed and tested with the aid
of electromagnetic phantoms. On the one hand, there are software phantoms,
which are CAD, voxel or geometry models used in software simulations [11].
They imitate the shape and the dielectric properties of the biological tissues
to evaluate their electromagnetic interaction over the system or device that
is being designed. On the other hand, there are physical phantoms, which
have the same objective but once the device is manufactured or the system
deployed. The latter phantoms can be either liquids, solids or gels, and mimic
the electromagnetic properties of specific human tissues for certain frequency
bands. It should be reminded that electromagnetic phantoms are simplified
versions of real conditions, and hence the outcomes obtained with them should
be interpreted with caution.
Cancer treatment techniques based on microwaves such as hyperthermia
rely on the knowledge of these properties not only in healthy but also in malignant states [12, 13]. Lastly, dielectric properties can be used as well for developing applications that aid in the detection or diagnosis of medical pathologies,
like in microwave imaging [14]. Diseases that change the biological structure
of biological tissues, like cancer, can cause variations in their amount of water
that are translated into changes of their properties.

1.2

Cancer in the modern society

In the recent decades, cancer has become a major concern for many countries.
According to the estimations provided in International Association of Cancer
Registries (IARC) for 2018 [15], a total of 18.1 million new cases were diagnosed
and it caused the death of 9.6 million people around the world. In the Fig. 1.1,
the incidence of cancer for each country is presented. One can observe that the
higher the development of a country, the higher the incidence of cancer. Larger
incidence rates are partially due to the ageing of the population, although
there are many varying risk factors to explain the incidence of each cancer
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Figure 1.1: Incidence of cancer for each country [15].

type in different regions or countries. Cancer is, in fact, the leading cause
of premature death at developed countries and one of the major reasons at
countries under development, as stated in [16] (defining premature death as
any decease occurred before 70 years of age). Moreover, 13 million people are
expected to die because of this disease in 2030, which indicates a potential
increment of the death rate of around a 35%. It should be highlighted that the
data gathered of less developed regions are not as accurate, since many people
are not covered by high-quality registries. For instance, in Africa only about
1% of the population is covered by these kind of registries, as explained in [16].
This implies that many cancer deaths have not been identified and accounted
as such.
As the global incidence of cancer increases, so it does the worldwide economic impact of this disease, for both the individuals and the society. The
direct costs of qualified specialists, treatments, drugs etc. is very high, being
a heavy burden for the economies and the affected families. In addition, other
costs have to be considered. On the one hand, there are indirect costs due to
the decrease of productivity of the patients during treatment, or even the lost
of it in case of retirement or death [17]. On the other hand, there are psychosocial costs, which are referred to the loss of quality of life and are related to
pain, suffering or grief, among others [17].
Policies of cancer prevention and early diagnosis are being implemented in
many countries in order to reduce the cancer burden. Awareness prevention
campaigns are the most beneficial approaches to reduce both the morbidity
and the mortality from cancer. Campaigns for avoiding tobacco consumption,
reducing alcohol consumption, hepatitis B vaccination, promotion of physical
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Figure 1.2: Incidence of CRC for each country [15].

activities and healthier diets are some strategies that can reduce the incidence
of many kinds of cancer [15]. In [18], authors claim that around the 35% of
cancer deaths can be avoided by modifying risk factors such as overweight and
obesity, low fruit and vegetable intake, physical inactivity, smoking and alcohol
consumption, unsafe sex, urban air pollution, smoking or be in presence of
tobacco smoke and contaminated injections in healthcare settings. Besides,
population screening programs are of huge importance to detect and diagnose
cancer. If a cancer is found at early stages, the survival probability is generally
higher and treatments can be more affordable, lowering the economic burden
of families and states. Since many highly-developed countries invest in both
prevention campaigns and screening programs, the cancer survival rate is higher
in this countries than in less developed ones.

1.2.1

Colorectal cancer

Colorectal cancer (CRC) is the development of cancer in either the colonic wall
or rectum. According to the estimations presented in [15], around 1.8 million
new cases have occurred in 2018, being also responsible of approximately 881
000 deaths. Therefore, this cancer accounts about 1 out of 10 new cancer
cases and deaths, being the third in terms of incidence and the second in
terms of mortality. As most cancers, its incidence is directly related to the
life expectancy of a country: the highest incident rates are found in Europe,
Australia and New Zeland, Northern America and Eastern Asia, as shown in
the Fig. 1.2. On the contrary, the incidence is lower in Africa and Southern
Asia. The incidence rates of rectal cancer have a similar regional distribution.
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Many risk factors have been related to this kind of cancer, as reviewed in
[19]. With regard to nutritional factors, an increased consumption of vegetables
and fruits can reduce the risk of suffering CRC [20, 21], because of their richness
of fibre, antioxidants, folic acid and vitamins [22, 23]. Some studies have found
out a correlation between a high-fibre diet and a reduction of risk of suffering
CRC as well [24, 25]. Consuming high quantities of read meat (i.e., more than
160 grams of processed meat every day) and a long cook time of meats can
contribute to an increment of CRC [26–29]. Besides, an association between
alcohol consumption and CRC incidence has been also reported [30]. Ingesting
more than 30 grams of ethanol per day or consuming alcohol more than twice
a day can increase significantly the risk of CRC [31].
Regarding medical history, some reports have shown that subjects with
diabetes mellitus have higher risk of suffering CRC [32, 33]. Patients with
long-term inflammatory bowel disease [34, 35], or that have undergone a cholecystectomy [36, 37], or a pelvic radiotherapy [38, 39], also have a higher risk of
suffering CRC. Other factors can be related to the incidence of CRC as well.
Both obesity and a reduced physical activity can increase the risk of CRC
[40, 41]. In [42], it was shown that the risk is higher for idle workers compared
to those that have at least some physical activity. Tobacco consumption is a
risk factor as well [43], existing studies that quantify the increase of risk up
to 30% [44, 45]. Regarding family history, in the 20% of cases a relative had
previously suffered a CRC [46].
Screening programs can be carried out only in case that their effectiveness
have been demonstrated and their cost, including the treatments of the diagnosed patients, is affordable. Moreover, screening tests should be available in
convenient places and not be painful and overly time-consuming in order to
prevent a low participation of the population. The criteria followed by the
World Health Organization (WHO) for assessing the benefits, risks and cost of
a cancer screening are detailed in [47].
Because of its large incidence rate, as well as a long asymptomatic phase
and treatability of precancerous lesions, CRC is an ideal target for screening. An early detection increases greatly the survival probability and decreases
the cost of the treatments, since early neoplastic lesions require simpler surgical resections and cares in comparison with advanced stages of the disease.
Among the different screening methods, the colonoscopy procedure is used as
the main method in many countries. Besides, in case that non-invasive tests
return abnormal or suspicious results, a colonoscopy has to be performed anyway. Therefore, due to its spread implementation, improving the colonoscopy
procedure even slightly can have a great impact in the diagnosis of patients.

29

CHAPTER 1. INTRODUCTION

1.3

Electromagnetic differences between normal
and cancerous tissues

Almost a century ago, a group of researchers stated that malignant tumours
have higher capacity than benign tumours or normal tissues [48]. After their
claim, other researchers started to contribute to the study of the interactions
between biological matter and electromagnetic waves. A few studies were performed since then, but it was not until the 1980s when the number of works
grew significantly. In general, these studies report the permittivity and/or the
conductivity of some biological tissues.
While most of them were carried out with the aim at obtaining the electromagnetic properties of normal tissues, a minority was focused on obtaining
the properties of cancerous tissues as well. But still, there is a non-negligible
volume of studies in which the dielectric properties of both healthy and malignant tissues have been assessed. Many of them have found out significant
differences between the properties of healthy and malignant tissues. Joines and
his colleagues discover that the absorption of cancerous tissues is higher than
in their analogous healthy ones [49, 50]. In [51], several normal and malignant
ex vivo human tissue samples were measured in the 50 - 900 MHz frequency
band, showing that the dielectric properties of malignant tissues had generally
larger values than those of healthy ones. In [52], similar differences were obtained up to 5 GHz. The xenograft model was used, in which human tumours
were cultivated in mice, grown, extracted and measured just after resection.
As measurements were performed in “almost in vivo conditions”, the obtained
properties of malignant tissues are slightly higher than the data gathered from
other sources. In [53], authors investigated the differences between normal,
malignant and cirrhotic human liver from 0.5 to 20 GHz, concluding as well
that statistically significant differences exist between the dielectric properties
of ex vivo normal and malignant liver tissue. Besides, breast cancer has been
one of the most investigated [54, 55]. This is due to the fact that the major electromagnetic differences between malignant and healthy cells have been
obtained for this tissue, making it easier the development of cancer detection
applications.
Clarbruno Verdruccio discovered that malignant and healthy tissues differ in their interaction with electromagnetic waves since proteins acquire more
surface charges in malignant tumours, and the attraction of these charges for
water molecules results in the presence of more “bound water” [56]. Moreover, dramatic changes in the metabolism, intercellular communication, and
adhesion properties of cancer cells result in the modification of the number
and nature of membrane proteins. Thanks to these findings, a prototype of
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a device containing a non-linear tunable oscillator has been developed and
used with encouraging results in the diagnosis of prostate [56–60], breast [61],
thyroid [62], gastric [63], rectal [64] and bladder cancer [65]. The operating
principle of this non-invasive device, known as Tissue Resonance InterferoMeter Probe (TRIMProb) and presently manufactured by Tema Sinergie (Faenza,
Italy), is expounded in [56, 66]. The device is externally placed near the part
of the patient’s body that is under analysis and, according to the authors, it
can detect a decrement of the received signal at the fundamental frequency if
it finds cancerous tissue due to the tissue’s damping effects.
TRIMProb is not the only device that make use of the interaction between
cancerous cells and electromagnetic waves for cancer detection. Other devices
have been developed to detect cancerous tissues, most of them focused on breast
tissue. A review of the recent advances in microwave imaging for detecting
breast cancer is provided in [67]. However, it is rather surprising that there is
barely any cancer application based on measuring directly the electromagnetic
properties of healthy and malignant tissues. To the best of our knowledge,
only a device known as MarginProbe R has been deployed in this way, and
again thought to be used for breast cancer [68].
As exposed at the previous section, for CRC detection and diagnosis, the
colonoscopy is used not only as a main screening procedure but also in case that
non-invasive tests return abnormal or suspicious results. In this dissertation,
the development of applications for CRC detection based on measuring directly
the electromagnetic properties of suspicious tissues is assessed, with the aim
of complementing the colonoscopy rather than as an alternative to it. One
important reason of selecting colon as a target of this work lies in the fact that
its tissues can be accessed rather easily during endoscopy inspections.

1.4

Objectives and scope

In this dissertation, we investigate the most suitable method to obtain the
dielectric properties of biological tissues and then we use it for two main objectives. On the one hand, we aim at developing a collection of the electromagnetic properties of biological tissues at in vivo conditions, focusing
on the tissues of the thoracic and the abdominal regions. The main novelty of
this collection lies in the great number of measured in vivo tissues, all of them
characterized for the same wide frequency band (from 0.5 to 26.5 GHz), on the
same animal species and under the same conditions. On the other hand, we
aim at adapting this system to propose applications to detect colorectal cancer that can be used within colonoscopy procedures. We will
take advantage of the fact that the differences in the biological structure of
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cancerous cells with respect to non-cancerous tissue are translated as well in
differences in the dielectric properties.

Dielectric characterization technique
• To deploy and improve the accuracy of an open-ended coaxial
system. The performance of a commercial system is investigated at
first. Afterwards, a new calibration procedure is proposed and assessed
with the aim at reducing the uncertainty of the selected characterization
system.

Measurement of biological samples
• To measure the electromagnetic properties of biological tissues
at in vivo conditions. Most of the dielectric characterization studies have limitations either in the measurement conditions, the working
frequency bandwidth or the number of characterized tissues. Therefore,
we aim at making use of our deployed system in order to give a further
insight regarding this matter.
• To measure the electromagnetic properties of normal and pathological colon tissues, including cancer as well. The objective is
to find differences within the dielectric properties of colon healthy and
pathological tissues that can be the basis of potential colorectal cancer
detection applications. To this end, human colon samples are first collected from colonoscopy and surgery procedures and then characterized
in ex vivo conditions.

CRC detection applications
• To propose potential applications for colorectal cancer detection. Based on the open-ended coaxial method, the objective is to propose different approaches for developing colon cancer detection applications.
• To evaluate the performance of the preliminary cancer detection
applications. The proposed systems will be analyzed in terms accuracy
of diagnosis (sensitivity, specificity and predictive values) and technical
requirements for further implementation.
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1.5

Thesis overview

This thesis is divided in six chapters and one additional appendix. The reader
should refer to Section 1.6 for a complete reference of the publications originated
from the work carried out in the thesis. The organization and content of each
chapter of this thesis is summarized below.
Chapter 2 describes the measurement system deployed and improved for
this thesis. First of all, we present the electromagnetic properties that will be
measured in the subsequent chapters. The available methods for measuring
these properties are summarized and the motivation for selecting the openended coaxial technique is provided. Then, a set of potential calibration procedures are evaluated, and finally the total uncertainty of the system achieved
with the proposed calibration procedure is quantified. Publication [C3], listed
in Section 1.6, is derived from this chapter.
Chapter 3 presents a collection of in vivo dielectric properties of the biological tissues. This is the largest in vivo database published so far, and
measurements are focused on the tissues of the abdominal and the thoracic
regions. An analysis of the data is performed, focusing on the uncertainty of
the results, and a comparison with other relevant publications of the field is
provided as well. Publications [J1], [C1], and [C2], listed in Section 1.6, are
derived from this chapter.
In Chapter 4, the electromagnetic properties of the different types of colon
tissues collected in this thesis are detailed. Two different sources of human
colon tissue have been collected: samples obtained from colonoscopy procedures and samples gathered from surgery interventions. The protocol for gathering, manipulating and measuring the samples is provided, and the results are
presented and discussed in both cases. The differences between healthy and
non-healthy colon tissues are quantified. Publication [J2], listed in Section 1.6,
is derived from this chapter.
Chapter 5 is focused on presenting potential applications for colon cancer
detection based on both the open-ended coaxial system and the results reported
in the previous chapter. Two different approaches have been studied: an ex
vivo approach, which aims at measuring suspicious samples right after their
removal with the colonoscopy, and an in vivo one, which can be embedded
within a colonoscope and performs the diagnosis in situ. A preliminary analysis
of the latter approach is provided. Publication [C6], listed in Section 1.6, is
derived from this chapter.
This thesis concludes with the Chapter 6, where the general conclusions
are summarized. Future research lines derived from this work are also listed at
the end of this chapter. In addition, an extra appendix is reported at the end
of the document.
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Chapter 2

Measurement system
This chapter aims at presenting the open-ended coaxial method used in this
thesis for measuring the electromagnetic properties of biological samples. The
improvements performed on the calibration procedure of this method are described, and the accuracy achieved by using this procedure is provided. The
principle of operation exposed in this chapter is used in the measurements presented in Chapter 3 and Chapter 4. Besides, the measurements presented in
Chapter 5 have been obtained considering small modifications on this principle
of operation, modifications that will be detailed further on that chapter.

2.1

Dielectric properties of biological tissues

As explained in the previous chapter, the interaction between biological materials and electromagnetic waves can be characterized by means of their dielectric
properties: permittivity, conductivity and permeability. The permeability (µ0 )
describes the magnetization of a material in response to an applied magnetic
field. At microwave frequencies, the biological tissues have permeabilities that
are close to that of free space, being independent of frequency [69]. On the
other hand, both permittivity and conductivity are properties that are highly
frequency dependent.
The permittivity  [F/m] of a material describes its tendency to polarize
when an electromagnetic field is applied to it, which is related to its capacity
to store energy. The permittivity of the biological tissues is highly related to
their water content: the larger the water content of a tissue, the greater its
permittivity. The permittivity is generally normalized to that of the vacuum,
as one can observe in the following equation:
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r (f ) = (f )/0 = 0r (f ) − j00r (f )

(2.1)

where r is the relative permittivity, f [Hz] is the frequency, 0 [F/m] is the
permittivity of the vacuum, 0r is the real part of the relative permittivity,
known as dielectric constant, and 00r is its imaginary part, known also as loss
factor. For the sake of simplicity, we will refer to relative permittivity simply
as permittivity in the remainder of this dissertation.
The conductivity σ [S/m] is a property that describes the ease at which
an electric charge can pass through a material. It comprises the electrical
losses due to ionic conductivity and those due to dielectric polarization. The
conductivity can be related to the loss factor as:
σ(f ) = σd (f ) + σi (f ) = 2πf 0 00r (f )

(2.2)

where σd [S/m] is the conductivity due to dielectric polarization and σi [S/m]
is the ionic conductivity.
The permittivity of biological tissues presents some dispersion regions where
the value of permittivity varies strongly with frequency [70]. At these regions,
the dielectric constant, which always decrease with frequency, shows a steeper
slope. The four major regions are α, β, δ and γ, affecting in different frequency
bands [71]. With the aim at making permittivity data accessible, reports usually fit their measurements into a Cole-Cole equation. The Cole-Cole equation
is given by:
M
X
σs
∆m
r (f ) = ∞ +
+
(2.3)
(1−αm )
jω
1
+
(jωτ
)
0
m
m=1
where M is the number of poles of the Cole-Cole equation (each of them representing a particular dispersion region), ω [rad/s] is the angular frequency and
∆m , τm [s], αm and σs [S/m] are the fitting coefficients of the equation.

2.2

Dielectric characterization techniques

Nowadays, many techniques for obtaining the electromagnetic properties of
materials are available. The selection of a suitable technique for a particular
material depends on various factors like its shape, thickness, physical state
and the frequencies in which we want to characterize it. In general, a Vector
Network Analyzer (VNA) is used to get the physical measurements that will
be translated into the dielectric properties of a material. A VNA measures the
scattering parameters of a device or network: it sends a signal with a specific
power from one of its ports and computes how much energy comes back to
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that port and arrives to the rest, for each frequency of interest. For instance,
taking as a reference a system of two ports (e.g., filters, amplifiers...) in which
the signal is transmitted by the first port and received in the second one, the
parameter corresponding to the signal reflected to the first one is known as
reflection coefficient or S11 , and the transmitted to the second port is known
as transmission coefficient or S21 . The most representative characterization
techniques are:
Free space method
This method allow measuring a Material Under Test (MUT) at high temperatures and hostile environments. It consists of two antennas connected to a
VNA, typically facing each other, with the MUT placed between them. A
previous calibration of the elements as well as measurements with reference
materials are necessary prior to characterize any material. Once this calibration is completed, the permittivity of a material can be extracted from an S21
measurement.
• MUT types: They may require some preparation, since they must be
large, flat, homogeneous solids with parallel faces.
• Working frequencies: From 6 GHz up to 500 GHz. The bandwidth
depends on the antennas used.
• Advantages: Wide bandwidth, allows characterizing at high frequencies,
it can be used in high temperature environments and it can measure also
the permeability of materials.
• Disadvantages: The accuracy can be reduced by the appearance of
reflections between the antennas and the MUT, and by diffraction effects
at the edge of the MUT.
Transmission line method
This method consists of a transmission line (i.e., a coaxial line or a waveguide)
connected to a VNA. The MUT is placed in a prepared section of the transmission line. A previous calibration of the elements as well as measurements
with reference materials are necessary prior to characterize any material. Once
this calibration is completed, the permittivity of a material can be extracted
from S11 and S21 measurements.
• MUT types: They require a previous preparation, since they should fit
the section as tightly as possible. They should be homogeneous, with flat
and perpendicular faces.
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• Working frequencies: From 50 MHz up to 75 GHz approximately. The
bandwidth depends on the transmission line used.
• Advantages: Accurate for measuring lossy materials. It allows permeability measurements as well.
• Disadvantages: Accuracy may be limited by the presence of air gaps.
It is lower for low loss materials.
Resonant methods
There are many resonant techniques available: Fabry-Perot resonators, split
cylinder resonators, resonant cavities etc. These methods measure the quality factor (Q) and the resonant frequency of the cavity using again a VNA.
The electromagnetic properties of a MUT can be obtained from the change of
these factors with respect to the empty case, without the need of a previous
calibration.
• MUT types: They may require some preparation to be inserted in the
cavity. Samples have to be small, and some cavities work with thin, flat
sheets.
• Working frequencies: Depending on the specific method considered,
they allow measurements below 1 GHz and up to more than 100 GHz.
• Advantages: Great accuracy, does not need a previous calibration and
it is indicated for low loss materials.
• Disadvantages: Typically limited to a single frequency or low bandwidth measurements. It requires a VNA with high frequency resolution.
Parallel plates
This is the only listed technique which does not make use of a VNA. In this
case, the system consists of an impedance analyzer connected to two electrodes
that form a capacitor, with the MUT placed between those electrodes. The
permittivity can be extracted from a measurement of capacity.
• MUT types: They must be flat, thin sheets, and thus they require of a
careful previous preparation.
• Working frequencies: From 20 Hz up to 1 GHz, depending on the
impedance analyzer used.

42

2.3 Open-ended coaxial system

• Advantages: Very accurate method useful to characterizing electronic
substrates.
• Disadvantages: The maximum operating frequency is limited, and the
measured MUTs require of a careful preparation.
Open-ended coaxial method
This technique consists of a rigid coaxial cable, with a flat cut end, connected
to a VNA through the necessary cables and connectors. A previous calibration
of the elements as well as measurements with reference materials are necessary
prior to characterize any material. Once this calibration is completed, the
permittivity of a MUT can be extracted from an S11 measurement.
• MUT types: They must be non-magnetic and homogeneous liquids or
semi solids.
• Working frequencies: From 50 MHz up to 67 GHz, depending on the
probe. It allows measuring very wide bandwidths.
• Advantages: Does not require of a previous sample preparation and its
accuracy is better for lossy materials.
• Disadvantages: Its accuracy is limited, and the calibration procedure
can compromise the measurements.

2.3

Open-ended coaxial system

Among the different characterization techniques, we chose the open-ended coaxial method to perform the measurements required to carry out the present thesis due to multiple reasons. As we aimed at measuring biological tissues, we
needed a system capable of characterizing semi-solid small samples, samples
that should be manipulated as low as possible to avoid dehydration. Its low
measurement time also reduces potential tissue dehydration. Moreover, this
technique allows characterizing tissues in wide measurement bandwidths, giving thus much more electromagnetic information that a method with a lower
acquisition bandwidth.
The system used in this thesis is shown in the Fig. 2.1. It consists mainly of
a VNA (Keysight’s Fieldfox N9918A), an open-ended coaxial probe (Keysight’s
N1501A slim form probe), and a computer to acquire, process and store the
measurements. In addition, calibration standards, hardware to connect the
VNA with the probe and the computer (adapters, flexible coaxial cable and
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Figure 2.1: Open-ended coaxial system used in this thesis.

Ethernet cable) and mechanical elements to place the biological samples in
contact with the sensor (laboratory stand, sample elevator and glass sheets)
are required.
In this section, we aim at explaining different parts of the utilized system.
First of all, the equations involved for obtaining the permittivity are developed. Then, the choice of the calibration standards is assessed and motivated.
The total uncertainty of the measurement system is evaluated considering the
selected standards. And finally, the main software application used during the
execution of this thesis is presented.

2.3.1

Principle of operation

As aforementioned, the open-ended coaxial method aims at obtaining the dielectric properties of materials from measurements of electromagnetic reflections. This technique is based on the fact that the reflection that occurs in
the sensor’s tip varies depending on the dielectric properties of the material
that is placed on it. In literature, different approaches have been used to relate a physical reflection measurement with its corresponding electromagnetic
properties. Some authors make use of mathematical approaches by developing
Taylor series [72], while other authors use the data obtained from electromagnetic simulation software [73] and lastly others apply equivalent circuit models
[74].
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Equivalent circuit model
Within the framework of this thesis, we have made use of the equivalent circuit
model depicted in the Fig. 2.2 since it is accurate enough without involving an
excessive complexity [75]. This model describes the normalized admittance y
of the discontinuity at the measurement plane. Complex equations need to be
avoided since results should be given and store in a few seconds, thinking in
possible future applications in a medical environment (i.e., if many measurements have to be performed by a medical expert, the elapsed time among them
should be as low as possible).

Figure 2.2: Equivalent circuit model of the open-ended coaxial probe’s tip.
5/2

This model is composed of a free-space radiation conductance, G0 r , and
two capacity terms, C0 r and Cf , which denote the fringing fields outside the
coaxial cable and in its dielectric. Thus, with this model the admittance of the
probe can be related to the permittivity of the measured material by:
y(w, r ) = G0 Z0 5/2
+ jwZ0 (r C0 + Cf )
r

(2.4)

where w is the angular frequency and Z0 is the characteristic impedance of
the sensor. The relationship between the reflection coefficient Γm and the
permittivity of the MUT can be obtained simply as:
5/2

Γm (w, r ) =

1 − y(w, r )
1 − G0 Z0 r − jwZ0 (r C0 + Cf )
=
5/2
1 + y(w, r )
1 + G0 Z0 r + jwZ0 (r C0 + Cf )

(2.5)

Error correction procedure
The reflection coefficient of the previous equation is ideal. This means that,
if the reflection coefficient ρm captured by the VNA is used directly as Γm in
2.5, the returned permittivity would not be correct due to two reasons. On the
one hand, the measurement plane is not located in the discontinuity, but in the
VNA’s port. On the other hand, the instrumentation (e.g., cables, connectors)
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introduces errors because of its imperfections, which lead to a higher inaccuracy
of the results. Hence, in order to minimize those errors and to translate the
measurement plane to the sensor’s tip, an error correction procedure must be
applied. To this end, the elements located between the VNA’s port and the
sensor’s tip are modelled as a two-port network, also known as “error network”
[76, 77]. In this manner, an ρm measurement can be related to the reflection
coefficient at the discontinuity as:
Γm =

ρm − E11
ρm E22 + E12 E21 − E11 E22

(2.6)

where E11 , E12 , E21 and E22 are the scattering parameters of the error network. Developing the two previous equations, a simple relationship between
the captured reflection coefficient ρm and the admittance y is obtained:
ρm =

E11 +E12 E21 −E11 E22
1+E22

E21 +E11 E22
+ y E11 −E121+E
22

y+

1−E22
1+E22

(2.7)

Then, the Eq. 2.4 is combined jointly with the latter in order to relate the
measured reflection with the corresponding permittivity. Then, the constants
are grouped in four unknowns coefficients giving rise to Eq. 2.8. It should be
mentioned that a bilinear transformation is applied to 2.4 before substituting it
into 2.7 in order to facilitate this grouping of constants, as done also in [76, 78].
5/2

ρm =

A2 + A3 (r + Gn r )
5/2

(2.8)

A1 + r + Gn r

where A1 , A2 , A3 and Gn are unknown coefficients that depend on the frequency, the characteristic impedance of the sensor, the equivalent circuit model
and the parameters of the error network. These coefficients can be expressed
as:
A1 =

A2 =

1 − E22
Cf
+
(1 + E22 )jwC0 Z0
C0

E11 + E12 E21 − E11 E22
Cf E11 − E12 E21 + E11 E22
+
(1 + E22 )jwC0 Z0
C0
(1 + E22 )
A3 =

(2.9)

(2.10)

E11 − E12 E21 + E11 E22
1 + E22

(2.11)

G0
jwC0

(2.12)

Gn =
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Many researchers that consider equivalent circuit models neglect the term
Gn , especially when the sensor is not radiating into de MUT [76, 79]. Still, we
consider it since the solution is more rigorous and it allows calibrating with an
extra standard in the calibration procedure.
System calibration
The calibration procedure is quite simple. The Eq. 2.8 has four unknowns
that have to be found out in order to relate the measured reflection coefficient
with its corresponding permittivity. Therefore, the reflections of four calibration standards whose dielectric properties are well-known have to be measured
in order to solve a system of four equations with four unknowns. Since the
permittivity varies depending on the frequency, these coefficients have to be
solved for each frequency of interest.

2.3.2

Choice of calibration standards

The calibration plays a crucial role since thanks to this process a reflection measurement can be related to a permittivity value, as aforementioned. In general,
authors make use of air, short circuit and water as calibration standards because they are easily accessible and their dielectric properties are characterized
in literature with great accuracy. Nevertheless, using this “typical calibration”
has some drawbacks. Due to the large gap between the dielectric properties of
air and those of water and short circuit, the intermediate dielectric region is
not perfectly characterized [80]. This is an important factor as the properties
of all tissues are found in this region, and therefore enhancing the accuracy of
the system at this region would improve the results presented throughout the
thesis. In addition, using just these references provides a limited accuracy for
loss factor, especially above a few GHz [81].
Within the framework of this thesis, an extra liquid standard is added to
the typical calibration for improving its accuracy. The candidate liquids have
to meet two considerations: they should be cheap and easily accessible for laboratories, and their electromagnetic properties have to be known accurately
(this is, previously characterized with a method with low uncertainty). In this
section, the accuracy achieved by calibrating “typically” and with “enhanced”
calibrations is assessed by measuring some test liquids whose electromagnetic
properties are also well-known. They were selected trying to mimic the properties of different types of tissues (i.e., tissues with different degrees of water
content). A total of three liquids (hereinafter referred as “tested samples”)
were measured using four different calibration setups. The calibration setups
were:
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• Typical calibration using open circuit and short circuit standards as
well as distilled water.
• Three enhanced calibrations, which consist in the addition of one polar
liquid to the typical calibration:
– Typical standards and methanol.
– Typical standards and ethanol.
– Typical standards and isopropanol (2-propanol).
As tested samples we used the following liquids, whose permittivity values
are reported in [82].
• Ethylene Glycol.
• Dimethyl Sulfoxide (DMSO).
• Butanol (1-butanol).
The dielectric properties of the aforementioned standards and tested samples are depicted in the Fig. 2.3. It should be highlighted that a measurement
session consisted simply in measuring consecutively the reflection coefficients
of the calibration standards and the tested samples, as all the processing for
calibrating and for obtaining the permittivities was performed mathematically
afterwards. Five different sessions were carried out in order to minimize the
effect of random errors. Measurements were carried out from 0.5 just up to 8.5
GHz because at that point we did not have any VNA that worked at higher
frequencies. The error achieved in the dielectric constant by each calibration
for each tested sample is computed as shown in Eq. 2.13, in percentage terms
by comparing the obtained results with the theoretical values.
∆0r = 100

0m − 0ref
0ref

(2.13)

where ∆0r is the error committed in dielectric constant, 0m is the measured
dielectric constant and 0ref is the dielectric constant of the reference. The error
committed in loss factor ∆00r are computed analogously.
The errors made at measuring ethylene glycol samples by the four calibration setups are represented in the Fig. 2.4. One can observe that the lowest
error is achieved by the enhanced calibration that uses methanol as the additional calibration standards, in both the real part and the imaginary one.
This can be explained by the fact that the permittivities of methanol and ethylene glycol are quite similar in parts of the permittivity, as one can observe in
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Figure 2.3: Dielectric properties of the calibration standards and the tested samples considered at a temperature of 25 ◦ C: (a) dielectric constant, (b) loss factor.
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Figure 2.4: Percentage of the errors in the measurement of ethylene glycol with the typical
(open, air and water) and the enhanced calibration setups: (a) dielectric constant, (b) loss
factor.

the Fig. 2.3. On the contrary, the enhanced calibrations with isopropanol and
ethanol are only slightly useful at lower frequencies in comparison to the typical
calibration. In particular, the addition of ethanol improves the measurements
below 5 GHz, while isopropanol enhances the measurement of the imaginary
part, comparing both with the typical calibration.
On the other hand, the errors committed at measuring the permittivity of
DMSO’s samples are shown in the Fig. 2.5. The conclusions are similar to the
previous case. The addition of methanol to the calibration process decreases
the error with respect to the typical calibration while the adding the other two
liquids only has improved the characterization of the loss factor. Calibrating
with either isopropanol or ethanol is not very useful in this case since their
respective dielectric constants are very distinct compared to DMSO’s.
Lastly, the errors at measuring the permittivity of butanol by each calibration setup are presented in the Fig. 2.6. In this case, all the enhanced
calibration proposed achieve higher accuracy than the typical one, being the
calibration with ethanol the one that improves more the accuracy of the calibration. For this particular liquid, the addition of methanol has not improved
the results with respect to the typical calibration as much as before. Although
the errors are higher for this liquids, this is provoked by the low values of
permittivity that butanol has, as it can be seen in the Fig. 2.3.
Observing the errors committed by the typical calibration, it can be noticed
that it is higher for the loss factor in all cases and it has an increasing trend
above 5 GHz, agreeing well with the data presented in [81]. The fact that both
the air and the short circuit have the same very low loss factor (e00r = 0, Fig.
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Figure 2.5: Percentage of the errors in the measurement of DMSO with the typical (open,
air and water) and the enhanced calibration setups: (a) dielectric constant, (b) loss factor.
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Figure 2.6: Percentage of the errors in the measurement of butanol with the typical (open,
air and water) and the enhanced calibration setups: (a) dielectric constant, (b) loss factor.
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2.3) makes that the typical calibration is not providing a very good mapping
of the imaginary part.
Results are summarized in the Table 2.1, where the percentage errors are
averaged for the measured bandwidth. They have proved that the addition
of an extra standard to the typical calibration can improve the accuracy of
the loss factor greatly, especially if it complements well the properties of the
other standards. Since methanol has improved significantly the performance of
the calibration for a wider range of permittivities, the measurements presented in the current dissertation have been performed considering
the methanol enhanced calibration, unless otherwise indicated.
Ethylene glycol
∆0r
∆00r

DMSO
∆0r
∆00r

Butanol
∆0r
∆00r

Typical calibration

1.98%

2.27%

1.15%

1.74%

4.71%

With methanol

0.43%

0.60%

0.14%

0.62%

3.13%

5.74%
3.24%

With ethanol

2.71%

2.66%

1.88%

1.45%

1.04%

1.13%

With isopropanol

2.52%

1.72%

1.45%

1.21%

1.10%

2.43%

Table 2.1: Averaged errors made by each calibration at measuring the tested liquids.

It should be mentioned that the description and analysis of the results have
been performed qualitatively rather than quantitative, as the main objective
was to show why we chose methanol by characterizing some test samples rather
than the values themselves, which are not the key aspect of the section. In the
same manner, the fact that this measurements were carried out only up to
8.5 GHz for the reason commented previously does not compromise the latter
results of the thesis, since a more rigorous analysis of the accuracy of the
selected calibration is carried out in the following section (this time, up to 26.5
GHz).

2.3.3

Assessment of system’s uncertainty

Any measurement system return specific results with a lower or greater amount
of uncertainty. In this section, the total uncertainty of the measurement system
is evaluated, considering the methanol enhanced calibration described previously. For performing this assessment, the VNA has been configured considering the same parameters that will be used in most of the measurements
presented in later chapters: output power of -10 dBm, IF bandwidth of
1 kHz, and 1601 evenly-spaced frequency points within the 0.5 - 26.5
GHz frequency band. We followed the assessment methodology described in
[83] since they identified the different sources of uncertainty that this method
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has and they agree with the guidelines presented by International Organization for Standardization (ISO) [84] and National Institute of Standards and
Technology (NIST) [85]. There are four different sources of uncertainty:
• Repeatability. This source is related to the random errors that can
appear within a measurement session. It was evaluated by measuring the
permittivity of 3 homogeneous samples of a saline solution (0.1 M NaCl)
in 5 different calibration sessions, obtaining afterwards the Standard Deviation of the Mean (SDM) of this pool of measurements.
• Systematic errors due to the instrumentation and methodology.
These errors depend on the hardware used and greatly on the calibration
procedure chosen. These are evaluated by averaging the permittivities
gathered from the saline solutions, and computing the deviation of these
mean with the values presented in [86]. The mean permittivity obtained
from the saline solution is presented in the Fig. 2.7, jointly with the one
used as reference.
• Drift of the system with time. This systematic error is caused by
slight changes of the performance of the VNA with time and possible
rise in warming of the hardware elements. This drifting was evaluated
by computing the difference of the permittivity of three saline samples
measured just after the calibration, and others performed 15 minutes
later (also in 5 different calibration sessions).
• Cable movement. This source of errors is related to the movement of
the coaxial cable that connects the probe to the VNA, and thus depend on
the performance of the coaxial used. In our case, we chose Mini-circuits R
FLC-1M-SMSM+, as it has with very low phase noise with bending.
Again, errors were evaluated within 5 different calibration sessions in
which measurements of the saline solution were carried out in static mode
at the calibration position and then repeated after moving the coaxial
cable.
The uncertainties were evaluated in laboratory conditions at a temperature
of 20 ◦ C. The VNA was turned on 3 hours before doing any of these measurements in order to avoid completely possible changes of its performance during
its warming up. It is worth mentioning that the coaxial cable was moved
depending on the nature of the measurements. For instance, ex vivo measurements could be performed in the calibration position, whereas in vivo ones
required some movement. The uncertainty related to this source was assessed
emulating the kind of bending that occurred during the in vivo trials that will
be described in future chapters.

53

CHAPTER 2. MEASUREMENT SYSTEM

80
Measured 'r

70

Measured ''r

Permittivity

60

Buchner 'r [86]
Buchner ''r [86]

50
40
30
20
10
0
0

3

6

9

12

15

18

21

24

27

Frequency (GHz)
Figure 2.7: Average permittivity of 0.1 M NaCl solutions.

The combined uncertainty is computed as the square root of the sum of the
squares of each source, considering as well the distribution of their errors in its
calculation as explained in [83]. In the Table 2.2 are presented the values obtained for the different uncertainty sources, as well as the combined uncertainty
with and without considering the source related to cable movement. They are
presented in relative terms of the relevant parameter, and averaged for three
spectrum regions. The uncertainty of the measurement system is higher for loss
factor than for dielectric constant, and generally it increases with frequency as
also occurs in [83]. This is explained by the fact that the measurement of
the imaginary part of the permittivity is more sensitive to small errors in the
reflection measurements than the real part.
It should be mentioned that measurements had some noticeable noise above
approximately 20 GHz. This extra noise was caused by the VNA used, as connectors, cables and coaxial sensors could work perfectly within the frequencies
considered and their performance could be checked with the VNA of another
department. Since this noise did not affect to the ”shape” of the dielectric
properties with frequency (as it was Gaussian), we kept on measuring them
throughout the execution of the thesis.

2.3.4

Measurement software

With the aim at facilitating the execution of the several measurement sessions
and campaigns required for fulfilling the present thesis, a software application
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Frequency
Region

Param.

(1)

(2)

(3)

(4)

Combined
uncertainty

Combined
exc. (4)

0.5 - 10
GHz

0r
00r

0.61
0.71

0.40
0.66

0.05
0.12

0.21
0.42

0.67
0.86

0.66
0.81

10 - 18
GHz

0r
00r

0.47
0.46

0.36
2.19

0.10
0.28

0.41
1.96

0.59
1.94

0.52
1.35

18 - 26.5
GHz

0r
00r

1.84
1.94

0.78
3.09

0.20
0.42

0.95
3.51

2.01
3.63

1.89
2.65

Table 2.2: Values of uncertainty in percentage terms of the relevant parameters averaged for
three spectrum regions.

has been developed. This application is responsible of controlling the VNA,
gathering the raw measurements, obtaining the related permittivity, represent
it and store it. It has been developed in MATLAB, using Standard Commands
for Programmable Instruments (SCPI) commands in order to communicate
with the VNA. The interface of the software is presented in the Fig. 2.8.
The user interface is connected to the VNA by means of an Ethernet cable,
and the SCPI commands are sent after establishing a TCP/IP connection. The
interface has the following major features:
• Configuration of the VNA. The application allows configuring the
acquisition frequencies, the output power and the bandwidth of the Intermediate Frequency (IF) filter of the VNA. One can make use of the
default parameters or setting them manually.
• Calibration of the system. Once the system is configured and the
temperature of the water is set, it guides to the user during the measurement of the calibration standards (air, short circuit, distilled water
and methanol). Afterwards, it uses the acquired data to obtain the four
unknowns of the Eq. 2.8 to relate a reflection measurement with its
corresponding permittivity.
• Permittivity measurement. The application guides the user during
the capture of reflection coefficient, then it processes the signal to obtain the permittivity and presents it in two figures, one for the dielectric
constant and another for the loss factor (or the conductivity).
• File options. The interface allows storing measurements of the current
session as well as loading previous measurements for comparison purposes. The calibration can be stored as well, in case a failure of the
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VNA or the computer occurs preventing the necessity of repeating all the
process.

2.4

Conclusion

In this chapter, the dielectric characterization system used for performing the
measurements needed for fulfilling the objectives of the thesis is presented. The
open-ended coaxial system has been selected, since it has many advantages with
respect to the rest of dielectric characterization systems. Its non-destructive
nature and its capability of measuring semi-solid materials are needed for developing a cancer detection application that could be applied on soft samples,
even directly on living human tissues. The possibility of measuring wide bandwidths (from 0.5 to 26.5 GHz) is very interesting for research, as the frequencies
in which a potential CRC detection application would work is unknown. And
lastly, its capability of measuring in just a few seconds is of great importance.

Figure 2.8: Measurement interface developed.
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On the one hand, it prevents the issues related to tissue dehydration when
measuring ex vivo samples. On the other hand, if used for measuring in vivo,
it would avoid some discomfort for patients as measurements would take a very
short amount of time.
The system consists of a VNA connected to a sensor, which is a coaxial
with a flat cut end, and a computer for processing the data and obtaining the
dielectric properties, as shown in the Fig. 2.1. Its performance is rather simple:
the VNA sends a signal of the frequencies of interest through the sensor; then,
part of this signal is reflected once it arrives to the material under test and
travels back to the VNA; finally, the computer process this reflection in order
to obtain its corresponding permittivity. In this chapter, a custom equation for
calibrating the system and obtaining the electromagnetic properties has been
developed (see Eq. 2.8). This “enhanced calibration” is based on three main
principles: an equivalent circuit model used for relating the reflection produced
by a particular material at the sensor’s end with its dielectric properties, an
error correction routine for translating the measurement from the VNA port
to the sensor’s end, and finally the measurement of four reference materials
(two of them liquids) for solving the equation developed and thus being able
to obtain the permittivity of a material from its particular reflection.
In general, this kind of systems are calibrated capturing previously the
reflection of air, a short circuit and distilled water. Our approach allows measuring a fourth standard, which can provide a better accuracy of the method
as we have proved. Besides, we have tested some liquids with the aim at investigating which of them could improve most the performance of the system.
Among the tested samples, methanol has proved to be the better
choice as it improves the accuracy of the system regardless of the
measured frequency and the permittivity of the tested material. It
should be highlighted that the accuracy of the system increases when measuring a material whose electromagnetic properties are close to those of one of
the references. Methanol is a good choice as its properties complement quite
well those of the rest of the standards (air, short circuit and distilled water),
offering a better mapping between the reflection and the permittivity.
Once the calibration has been settled, the uncertainty of the system has
been quantified, evaluating the sources involved: repeatability (related to random errors), errors due to instrumentation and methodology, drift of the system
with time and cable movements. As expected, the uncertainty increases with
frequency, being higher for loss factor than for the dielectric constant. Combining the different sources, the total uncertainty is around 1.89% and 2.65% for
dielectric constant and conductivity, respectively. Considering cable movement
(which occurs in those cases in which the sensor is moved after calibrating),
these uncertainties increase up to 2.01% and 3.63%.
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Lastly, the interface developed for automating these measurements has been
presented. This interface, developed in the MATLAB framework and considering SCPI commands, is in charge of sending commands to the VNA, retrieving
the captured data, process it and then presenting and storing the dielectric
properties obtained. This application as well as the enhanced calibration with
methanol are used within the rest of the dissertation, unless otherwise stated.

58

Chapter 3

Dielectric characterization
of biological tissues
In this chapter, the in vivo dielectric properties of the tissues of the thoracic
and the abdominal region are presented. These measurements are important
for updating the most cited and used dielectric database of biological tissues,
which was mostly performed on ex vivo conditions [87]. The main advantage
of the campaign performed is the great number of characterized tissues, all of
them measured in vivo in a wide frequency bandwidth and from the same animal species, making use of the measurement system described in the previous
chapter.

3.1

Introduction

Nowadays, there is a great quantity of works in the literature addressing the
dielectric properties of most of the biological tissues. Generally, these studies
were performed on animals in diverse conditions: in vivo, in which living tissues
are measured in situ, ex vivo, where samples are measured after being removed
from the model’s body, and in vitro, which are the same conditions that the
latter approach but also emulating the temperature of the living tissues. There
are measurements carried out on humans tissues as well, although the volume
of studies is much lower than considering animals.
As many reports started to be carried out in the decade of the 80’s, the
technology was not so technologically advanced yet. Therefore, there is a lot of
interesting works that were carried out without covering a wide bandwidth of
the SHF band, and thus their results are limited mainly in frequency. Among
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the many published works, the database from [87] is broadly used as a reference.
The main reasons to use this work are the huge catalogue of tissues offered and
the wide frequency bandwidth measured, from 1 MHz or below up to 20 GHz.
However, since most tissues were measured in ex vivo conditions, the actual in
vivo values are expected to be slightly higher because of structure changes in
tissues and potential dehydration after death [88], as well as due to the lack of
blood perfusion.
Regarding the published in vivo studies, some drawbacks can be highlighted.
Firstly, the available works are focused on a few tissues or organs, amongst
which skin, grey matter, kidney, liver, muscle and spleen are the most portrayed ones. On the contrary, without any apparent reason, other tissues such
as esophagus and pancreas have not been measured at all above 500 MHz. In
addition, there is a heterogeneity regarding the species chosen for characterization: apart from humans, there are works performed on cats, dogs, frogs,
mice, pigs, rats and sheep, among others. This can lead to inconsistencies when
comparing analogous or different tissues from different species. Another important problem is the diversity of frequencies at which the studies were carried
out. On one hand, some authors measured from frequencies below the kilohertz
range, while others started from hundreds of megahertz. On the other hand,
some authors measured up to a few gigahertz, whereas others characterized up
to millimeter-waves. A summary of the available dielectric studies performed
on different tissues is presented in Appendix A.
As already commented in Chapter 1, a great knowledge of the electromagnetic properties is of great importance for developing different kinds of
applications: Body Area Networks (BAN), WMD, in-body and wearable antennas, SAR and IPD evaluations, microwave imaging, hyperthermia etc. The
number of applications is high and keeps rising, and therefore having a better
knowledge of these properties can ease the design and it can even enhance the
performance of the applications that rely on these data.
In the framework of this thesis, we aim at enlarging the data of electromagnetic properties at in vivo conditions, providing a large database of tissues,
measured all from the same animal specie and in a wide bandwidth. The measurement campaign has been performed using the open-ended coaxial technique
in the 0.5 - 26.5 GHz band, considering three different female porcine models
of around 50 kilograms. These specimens were selected given the anatomical
resemblance of their organs with the human ones. No significant differences
are expected because of using female models instead of male ones, apart from
the available tissues, since there are not reports in literature about the effect
of gender over the dielectric properties. Measurements were carried out in an
operating surgery room for animal experimentation of La Fe Research Foundation, room that was kept at a temperature of 21 ◦ C during the three trials. In
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Figure 3.1: Photograph of the laparotomy performed on the animal model.

each of them, the animal was sedated and anaesthetized prior to the surgery,
anaesthesia that was kept during the whole trial. The animal model was subjected to a continuous intravenous infusion of fentanyl and lactated Ringer as
well. In order to correct possible excesses or shortages of anaesthesia, the animal’s heart rate, blood pressure, respiratory frequency, and palpebral reflex
were continuously monitored. The surgery consisted in a laparotomy and a thoracotomy, which are procedures to open both the abdominal and the thoracic
cavities. A laparotomy performed in the trials is shown in the Fig. 3.1

3.2

Measurement protocol

Before preparing the measurement protocol, the trial was approved by the
ethical committee of animal experimentation of the Hospital Universitari i
Politècnic La Fe, Valencia, Spain, and approved as well by the ethical committee of the regional authority - Generalitat Valenciana (GVA). The experiment
was in accordance with the animal-care guidelines set forth by the national
government and the European Commission. The protocol considers the steps
that have to be followed from the beginning of the trials up to their ends.
1. The animal model is anaesthetized and sedated at the beginning of the
procedure. The animal is kept at this state during the whole trial.
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2. Once started the current study, the surgeon performs the laparotomy
on the animal’s abdomen. At the same time, a set of three calibrations
are applied and validated visually by means of a 0.1 M saline solution
measurement (comparing the resulting permittivity with the one provided
in [86]).
3. The biological tissues of the abdominal region are characterized. To this
end, 3 measurements are carried out in 5 different points of each tissue,
trying to separate the locations among them (having thus 15 measurements per tissue and animal). The temperature of the tissues is measured
with a thermometer and then recorded.
4. The system is calibrated again after characterizing two tissues, using
ethanol for cleaning the end of the sensor before recalibrating.
5. A lateral thoracotomy is performed once all the tissues of the abdominal
region have been characterized. Meanwhile, a recalibration is once again
performed and validated.
6. Once reachable, the biological tissues of the thoracic region are characterized, measuring and recalibrating in the same manner than for the
abdominal ones.
7. Finally, all the instrumentation that has been in contact with the animal
is cleaned with a solvent and stored. The probes are sterilized afterwards
by means of an autoclave.
Two people were needed to perform the dielectric characterization of the
biological tissues. One person had to move manually the probe from the calibration position to the measurement ones. The probe had to be held firmly against
the tissues, applying enough pressure to avoid the presence of air between the
sensor and the tissue but preventing tissue damage or fluid accumulation that
can compromise the results [89]. A coaxial cable with high phase stability versus bending (Minicircuits FLC-1M-SMSM+) was used to connect the probe
with the VNA. As a result, measurements were barely affected by cable movements, as one can appreciate from the uncertainty source added because of this
factor in Section 2.3.3. Still, we tried to keep the curvature that the cable had
in the calibration position. The second person was in charge of controlling the
software interface and guiding the person that is measuring.
With the aim at speeding up the measurements, two modifications have
been performed for this campaign with respect to the normal performance of
the system. On the one hand, some changes have been performed on the software interface in order to facilitate the performance of the three calibrations,
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guide the multiple measurements of each tissue and store these measurements
automatically. On the other hand, 401 evenly-spaced frequencies have been
captured in each measurements instead of 1601 points, since the trend of permittivity with frequency is kept.

3.3

Results

In this section the dielectric properties of the characterized tissues are presented. A minimum of 45 measurements of the following biological tissues
has been performed: aorta, bladder, blood, colon, fallopian tubes, fat,
gallbladder, heart, kidney, liver, lung, muscle, oesophagus, ovary,
pancreas, skin, small intestine, spleen, stomach, uterine matrix. The
temperature of the measured tissues varied between 37.2 ◦ C and 38.5 ◦ C, which
are very close to the normal temperature of human tissues. It should be mentioned that despite the fact that the normal temperature of porcine models is
around 40 ◦ C, it is reduced because of the use of anesthesia and because both
the abdominal and the thoracic cavities were opened and exposed to air.
For each characterized tissue, a figure with its dielectric properties is
represented. The properties are shown by means of the Cole-Cole fitting of
the average values (see Section 2.1, Eq. 2.3), presented jointly with their
respective total uncertainties. The average is performed for each one of
the measured frequencies, obtaining a resulting permittivity curve that is then
fitted by means of a 2-pole Cole-Cole equation, whereas the uncertainty is
evaluated considering the same sources shown previously in Section 2.3.3. The
sources related to systematic errors due to the instrumentation and methodology, drift of the system with time and cable movement are common to all the
measured tissues, but the repeatability term differs for each one of them. The
SDM of the measured permittivities of each tissue is used as their respective
repeatabilities, as done as well in [83]. The combined uncertainty of each part
of the permittivity is combined as exposed previously in Section 2.3.3.
Apart from the figure, two extra tables are presented for each tissue. The
first one presents the fitted coefficients of the 2-pole Cole-Cole equation
presented in the figure, along with their fitting error in relative terms. These
coefficients are computed in MATLAB by minimizing the sum of squares and
using the trust-region-reflective method, which is based on trust regions [90, 91].
The second one summarizes the uncertainties of the presented properties for
three different frequency bands in relative terms (0.5 - 10 GHz, 10 - 18
GHz and 18 - 26.5 GHz). The uncertainty of conductivity is the same than that
of loss factor, since conductivity can be obtained directly from the imaginary
part of the permittivity (see Section 2.1, Eq. 2.2).
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The average permittivity obtained for aorta tissue is presented in the Fig. 3.2,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.1, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.2.

10
27

Frequency (GHz)
Figure 3.2: Cole-Cole fitted curve of the averaged permittivity of aorta tissue jointly with its
combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

1.000 43.250 9.141 0.098 1360.509 439.155 0.377 0.291

Fitting error (0r | 00r )
1.535 % | 2.140 %

Table 3.1: Cole-Cole coefficients of the fitted permittivity of aorta tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

5.9 %
6.7 %

5.9 %
6.7 %

6.1 %
5.8 %

6.1 %
6.1 %

7.5 %
6.5 %

7.5 %
7.2 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.2: Repeatability and combined uncertainty of aorta tissue for three spectrum regions.
Values in relative terms of the relevant parameter.
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The average permittivity obtained for bladder tissue is presented in the Fig.
3.3, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.3, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.4.
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Figure 3.3: Cole-Cole fitted curve of the averaged permittivity of bladder tissue jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

2.008 56.689 8.203 0.051 866.641 223.742 0.387 0.659

Fitting error (0r | 00r )
1.113 % | 1.688 %

Table 3.3: Cole-Cole coefficients of the fitted permittivity of bladder tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

2.3 %
1.9 %

2.3 %
2.0 %

2.8 %
1.6 %

2.8 %
2.5 %

3.6 %
1.8 %

3.7 %
3.6 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.4: Repeatability and combined uncertainty of bladder tissue for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for blood is presented in the Fig. 3.4, along
with its uncertainty. Besides, the fitted coefficients of the 2-pole Cole-Cole
equation are listed in the Table 3.5, and both the repeatability and the uncertainty of its dielectric properties are summarized in the Table 3.6.
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Figure 3.4: Cole-Cole fitted curve of the averaged permittivity of blood jointly with its
combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

7.500 53.673 8.967 0.170 632.735 5.443 0.003 0.027

Fitting error (0r | 00r )
2.277 % | 3.490 %

Table 3.5: Cole-Cole coefficients of the fitted permittivity of blood.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

4.1 %
4.2 %

4.1 %
4.2 %

4.7 %
5.2 %

4.8 %
5.5 %

5.4 %
5.9 %

5.5 %
6.6 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.6: Repeatability and combined uncertainty of blood for three spectrum regions.
Values in relative terms of the relevant parameter.
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The average permittivity obtained for colon tissue is presented in the Fig. 3.5,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.7, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.8.
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Figure 3.5: Cole-Cole fitted curve of the averaged permittivity of colon tissue jointly with its
combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

5.575 57.408 7.500 0.142 1617.041 21.050 0.049 0.240

Fitting error (0r | 00r )
0.769 % | 2.954 %

Table 3.7: Cole-Cole coefficients of the fitted permittivity of colon tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

4.7 %
5.5 %

4.7 %
5.5 %

7.0 %
9.0 %

7.1 %
9.2 %

7.8 %
12.2 %

7.9 %
12.6 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.8: Repeatability and combined uncertainty of colon tissue for three spectrum regions.
Values in relative terms of the relevant parameter.
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The average permittivity obtained for fallopian tubes is presented in the Fig.
3.6, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.9, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.10.
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Figure 3.6: Cole-Cole fitted curve of the averaged permittivity of fallopian tubes jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

2.022 53.699 7.229 0.007 391.079 17.225 0.267 0.496

Fitting error (0r | 00r )
1.371 % | 2.206 %

Table 3.9: Cole-Cole coefficients of the fitted permittivity of fallopian tubes.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

3.6 %
3.5 %

3.6 %
3.5 %

4.1 %
2.8 %

4.1 %
3.4 %

4.8 %
3.5 %

4.9 %
4.7 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.10: Repeatability and combined uncertainty of fallopian tubes for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for fat tissue is presented in the Fig. 3.7,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.11, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.12.

0
27

Frequency (GHz)
Figure 3.7: Cole-Cole fitted curve of the averaged permittivity of fat tissue jointly with its
combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

5.587 8.293 13.500 0.042 5.011 0.435 0.094 0.139

Fitting error (0r | 00r )
1.782 % | 3.577 %

Table 3.11: Cole-Cole coefficients of the fitted permittivity of fat tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

42.6 %
46.4 %

42.6 %
46.4 %

44.1 %
49.3 %

44.1 %
49.3 %

43.0 %
57.1 %

43.0 %
57.2 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.12: Repeatability and combined uncertainty of fat tissue for three spectrum regions.
Values in relative terms of the relevant parameter.
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The average permittivity obtained for gallbladder is presented in the Fig. 3.8,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.13, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.14.
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Figure 3.8: Cole-Cole fitted curve of the averaged permittivity of gallbladder tissue jointly
with its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

2.849 55.061 7.167 0.072 264.682 23.525 0.312 0.730

Fitting error (0r | 00r )
0.937 % | 1.691 %

Table 3.13: Cole-Cole coefficients of the fitted permittivity of gallbladder tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

5.3 %
5.9 %

5.3 %
6.0 %

5.5 %
7.2 %

5.5 %
7.4 %

5.9 %
8.9 %

6.0 %
9.4 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.14: Repeatability and combined uncertainty of gallbladder tissue for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for heart tissue is presented in the Fig. 3.9,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.15, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.16.
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Figure 3.9: Cole-Cole fitted curve of the averaged permittivity of heart tissue jointly with its
combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

2.511 54.178 6.914 0.096 1161.477 439.155 0.400 0.701

Fitting error (0r | 00r )
0.997 % | 1.565 %

Table 3.15: Cole-Cole coefficients of the fitted permittivity of heart tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

1.6 %
1.6 %

1.7 %
1.6 %

2.2 %
3.5 %

2.3 %
4.0 %

2.5 %
5.7 %

2.6 %
6.5 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.16: Repeatability and combined uncertainty of heart tissue for three spectrum regions. Values in relative terms of the relevant parameter.

71

CHAPTER 3. DIELECTRIC CHARACTERIZATION OF
BIOLOGICAL TISSUES

Kidney

70

40

60

35

50

30

40

25

30

20

20

15

10
0

3

6

9

12

15

18

21

24

Loss factor

Dielectric constant

The average permittivity obtained for kidney tissue is presented in the Fig.
3.10, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.17, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.18.
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Figure 3.10: Cole-Cole fitted curve of the averaged permittivity of kidney tissue jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

4.850 51.691 8.149 0.122 452.493 11.421 0.136 0.353

Fitting error (0r | 00r )
0.719 % | 1.157 %

Table 3.17: Cole-Cole coefficients of the fitted permittivity of kidney tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

4.2 %
5.0 %

4.2 %
5.0 %

7.1 %
3.4 %

7.1 %
3.9 %

9.7 %
5.3 %

9.8 %
6.1 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.18: Repeatability and combined uncertainty of kidney tissue for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for liver tissue is presented in the Fig. 3.11,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.19, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.20.
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Figure 3.11: Cole-Cole fitted curve of the averaged permittivity of liver tissue jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

6.639 47.545 10.329 0.126 8.939 0.375 0.000 0.587

Fitting error (0r | 00r )
0.597 % | 0.843 %

Table 3.19: Cole-Cole coefficients of the fitted permittivity of liver tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

2.1 %
1.5 %

2.1 %
1.6 %

2.1 %
1.8 %

2.2 %
2.6 %

2.3 %
2.1 %

2.5 %
3.7 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.20: Repeatability and combined uncertainty of liver tissue for three spectrum regions.
Values in relative terms of the relevant parameter.
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The average permittivity obtained for lung tissue is presented in the Fig. 3.12,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.21, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.22.
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Figure 3.12: Cole-Cole fitted curve of the averaged permittivity of lung tissue jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

6.373 23.958 8.569 0.168 2000.000 58.952 0.066 0.089

Fitting error (0r | 00r )
1.255 % | 2.435 %

Table 3.21: Cole-Cole coefficients of the fitted permittivity of lung tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

31.9 %
29.0 %

31.9 %
29.0 %

36.3 %
31.7 %

36.3 %
31.8 %

37.2 %
39.9 %

37.2 %
40.0 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.22: Repeatability and combined uncertainty of lung tissue for three spectrum regions.
Values in relative terms of the relevant parameter.
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The average permittivity obtained for muscle tissue is presented in the Fig.
3.13, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.23, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.24.
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Figure 3.13: Cole-Cole fitted curve of the averaged permittivity of muscle tissue jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

2.504 57.810 8.079 0.138 660.060 7.840 0.064 0.103

Fitting error (0r | 00r )
0.619 % | 1.052 %

Table 3.23: Cole-Cole coefficients of the fitted permittivity of muscle tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

2.9 %
2.4 %

2.9 %
2.4 %

4.1 %
4.6 %

4.1 %
5.0 %

4.3 %
6.8 %

4.4 %
7.5 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.24: Repeatability and combined uncertainty of muscle tissue for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for oesophagus tissue is presented in the Fig.
3.14, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.25, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.26.

10
27

Frequency (GHz)
Figure 3.14: Cole-Cole fitted curve of the averaged permittivity of oesophagus tissue jointly
with its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

3.492 58.771 7.390 0.113 934.202 9.932 0.057 0.001

Fitting error (0r | 00r )
0.729 % | 1.296 %

Table 3.25: Cole-Cole coefficients of the fitted permittivity of oesophagus tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

1.9 %
2.0 %

2.0 %
2.0 %

2.6 %
2.9 %

2.6 %
3.4 %

2.7 %
4.5 %

2.8 %
5.5 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.26: Repeatability and combined uncertainty of oesophagus tissue for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for ovary tissue is presented in the Fig. 3.15,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.27, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.28.
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Figure 3.15: Cole-Cole fitted curve of the averaged permittivity of ovary tissue jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

7.500 50.358 8.718 0.124 192.885 2.257 0.001 0.029

Fitting error (0r | 00r )
1.094 % | 1.697 %

Table 3.27: Cole-Cole coefficients of the fitted permittivity of ovary tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

2.5 %
2.2 %

2.6 %
2.3 %

2.9 %
2.7 %

2.9 %
3.3 %

3.0 %
3.6 %

3.0 %
4.7 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.28: Repeatability and combined uncertainty of ovary tissue for three spectrum regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for pancreas tissue is presented in the Fig.
3.16, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.29, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.30.
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Figure 3.16: Cole-Cole fitted curve of the averaged permittivity of pancreas tissue jointly
with its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

7.500 30.676 10.045 0.160 247.513 4.687 0.000 0.076

Fitting error (0r | 00r )
1.791 % | 3.535 %

Table 3.29: Cole-Cole coefficients of the fitted permittivity of pancreas tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

22.4 %
24.5 %

22.4 %
24.5 %

21.4 %
25.6 %

21.4 %
25.6 %

20.7 %
26.8 %

20.7 %
27.0 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.30: Repeatability and combined uncertainty of pancreas tissue for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for skin tissue is presented in the Fig. 3.17,
along with its uncertainty. Besides, the fitted coefficients of the 2-pole ColeCole equation are listed in the Table 3.31, and both the repeatability and the
uncertainty of its dielectric properties are summarized in the Table 3.32.
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Figure 3.17: Cole-Cole fitted curve of the averaged permittivity of skin tissue jointly with its
combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

2.843 40.665 7.725 0.229 135.310 3.072 0.053 0.129

Fitting error (0r | 00r )
0.628 % | 1.204 %

Table 3.31: Cole-Cole coefficients of the fitted permittivity of skin tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

11.4 %
13.7 %

11.4 %
13.8 %

10.5 %
15.1 %

10.5 %
15.3 %

9.2 %
15.1 %

9.2 %
15.4 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.32: Repeatability and combined uncertainty of skin tissue for three spectrum regions.
Values in relative terms of the relevant parameter.
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The average permittivity obtained for small intestine is presented in the Fig.
3.18, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.33, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.34.
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Figure 3.18: Cole-Cole fitted curve of the averaged permittivity of small intestine tissue
jointly with its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

6.097 57.200 7.777 0.152 997.973 17.630 0.069 0.425

Fitting error (0r | 00r )
1.364 % | 2.806 %

Table 3.33: Cole-Cole coefficients of the fitted permittivity of small intestine tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

2.6 %
4.5 %

2.6 %
4.5 %

3.1 %
3.9 %

3.1 %
4.3 %

4.1 %
5.7 %

4.2 %
6.5 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.34: Repeatability and combined uncertainty of small intestine tissue for three spectrum regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for spleen tissue is presented in the Fig.
3.19, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.35, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.36.
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Figure 3.19: Cole-Cole fitted curve of the averaged permittivity of spleen tissue jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

7.500 51.454 9.275 0.181 327.594 3.918 0.004 0.100

Fitting error (0r | 00r )
2.104 % | 3.619 %

Table 3.35: Cole-Cole coefficients of the fitted permittivity of spleen tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

3.0 %
5.2 %

3.0 %
5.2 %

3.2 %
8.0 %

3.2 %
8.2 %

5.1 %
9.2 %

5.2 %
9.7 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.36: Repeatability and combined uncertainty of spleen tissue for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for stomach tissue is presented in the Fig.
3.20, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.37, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.38.
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Figure 3.20: Cole-Cole fitted curve of the averaged permittivity of stomach tissue jointly
with its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

4.045 57.239 7.641 0.095 448.590 12.308 0.155 0.454

Fitting error (0r | 00r )
0.696 % | 2.826 %

Table 3.37: Cole-Cole coefficients of the fitted permittivity of stomach tissue.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

2.4 %
2.2 %

2.5 %
2.3 %

3.6 %
4.3 %

3.6 %
4.7 %

4.2 %
6.2 %

4.3 %
6.9 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.38: Repeatability and combined uncertainty of stomach tissue for three spectrum
regions. Values in relative terms of the relevant parameter.
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The average permittivity obtained for uterine matrix is presented in the Fig.
3.21, along with its uncertainty. Besides, the fitted coefficients of the 2-pole
Cole-Cole equation are listed in the Table 3.39, and both the repeatability and
the uncertainty of its dielectric properties are summarized in the Table 3.40.

10
27

Frequency (GHz)
Figure 3.21: Cole-Cole fitted curve of the averaged permittivity of uterine matrix jointly with
its combined uncertainty.

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

1.000 55.043 8.534 0.029 2000.000 407.500 0.351 0.417

Fitting error (0r | 00r )
2.041 % | 2.673 %

Table 3.39: Cole-Cole coefficients of the fitted permittivity of uterine matrix.

Freq. Band

Parameter

Repeatability

Combined Uncertainty

0.5 - 10
GHz

0r
00r
0r
00r
0r
00r

2.7 %
2.1 %

2.7 %
2.2 %

3.1 %
5.9 %

3.2 %
6.2 %

4.9 %
7.4 %

4.9 %
8.0 %

10 - 18
GHz
18 - 26.5
GHz

Table 3.40: Repeatability and combined uncertainty of uterine matrix for three spectrum
regions. Values in relative terms of the relevant parameter.
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To the best of the author’s knowledge, this database is the largest in vivo
collection presented so far. Some of the studied tissues, such as pancreas,
oesophagous or fallopian tubes had never been characterized so far above 0.5
GHz, nor even at ex vivo conditions. Regarding the rest, most of them have
been already measured at ex vivo conditions, whereas only some had been
characterized in vivo but in campaigns with comprised studying a few organs.
As trivially expected, high water-content tissues have greater dielectric
properties than those with a lower quantity, like skin or fat tissue. This kind
of tissues have higher values of the fitting coefficient ∆1 of the 2-pole ColeCole equation, which is related to the dielectric constant at the beginning of
γ-dispersion (the most significant dispersion region within the acquisition frequencies). This coefficient has a value that varies approximately between 50
and 60 units for high water-content tissues, whereas tissues such as skin, lung
or fat have a dielectric constant of around 41, 24 and 8, respectively.
All the results (Cole-Cole coefficients, uncertainty and figures) have been
uploaded to an online source [92]. This web application, developed using the
JavaScript library “React”, provides as well the possibility of downloading the
electromagnetic properties of the biological tissues for the frequencies selected
by the users, if these are within the characterized frequencies of the study.

3.3.1

Uncertainty of the dielectric data

A large disparity among the uncertainty of the characterized tissues can be
observed. Uncertainty is usually related to the reliability of the results returned
by a system or instrument. For instance, the uncertainty analysis presented in
Section 2.3.3 for the open-ended coaxial system used over the execution of this
thesis has this purpose. However, apart form the uncertainty sources related
to the system, the dielectric properties of biological tissues vary from their
average to a greater or lesser extent. This variability, evaluated in the previous
section as the repeatability source of the combined uncertainty, is particular
for each tissue. Repeatability (or variability, we refer to the same phenomenon
using both terms interchangeably) is evaluated as the SDM of the measured
permittivities, and the following factors can affect it:
1. Natural heterogeneity of the characterized tissue. The biological
structure of tissues is not completely homogeneous, and it causes changes
in the measured properties. For instance, the water content of fat and skin
tissue is not constant regardless of the body region being characterized.
2. Pressure applied to the tissue with the open-ended coaxial probe.
An excess in the applied pressure can damage the tissue, whereas a short-
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age can provoke the presence of air bubbles between the tissue and the
probe [89].
3. Age of the subjects. It is known that the younger a particular model
is, the higher dielectric properties it has within its particular species [93].
In general, this effect is more significant in immature subjects.
4. Temperature of the tissue. This factor also affects the resulting permittivity. For this reason, many authors aim at measuring either in vivo
or ex vivo at normal body temperature (this is, in vitro).
Among these factors, tissue heterogeneity is the most impactful one on
the obtained repeatabilities. The structure of most biological tissues is quite
homogeneous, and hence their uncertainty is usually low. In general, for highwater content tissues, the uncertainty of the real part is below or around ±5
%, whereas the imaginary one is around ±10 %. However, there are a few
exceptions. For instance, the uncertainty of kidney tissue is higher, but it is
mainly due to the fact that its absolute properties are lower than those of many
high water-content tissues, and thus the errors increase in relative terms.
A Kolmogorov-Smirnov test has been performed at each frequency testing several distribution functions in order to characterize the kind of distribution that better fits the measurements obtained of the characterized tissues in
three specific frequencies distributed among the acquisition frequencies: 2.45
GHz, 12.5 GHz and 18 GHz. The following distributions have been tested
with the MATLAB suite: beta, binomial, Birnbaum-Saunders, exponential, extreme value, Gamma, Gaussian, generalized extreme value, generalized pareto,
logistic, loglogistic, lognormal, Nakagami, Poisson, Rayleight, Rice, t LocationScale, uniform and Weibull. Results have shown that the logistic distribution
(Eq. 3.1) is the one that fits better the scatter of the dielectric properties. It
is a kind of distribution similar in shape to the gaussian one but with heavier
tails.
e

P DF (x) =

x−µ
σ

σ(1 + e

x−µ
σ

)2

(3.1)

where µ and σ are the mean and a scale parameter of the Probability Density
Function (PDF).
Down below the probability densities of the dielectric properties at these
frequencies are analyzed for 4 tissues: muscle, skin, fat and pancreas. These
tissues have been chosen as representatives of different degrees of water content
and a tissue with a large tissue heterogeneity. In the Figs. 3.22, 3.23 and
3.24 the probability densities of their dielectric properties are represented for
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2.45, 12.5 and 18 GHz, respectively. Besides, the computed coefficients for the
logistic distribution are listed in the Table 3.41.
In the Fig. 3.22, one can observe that pancreas tissue is the one with the
highest variability, closely followed by fat tissue. On the contrary, since the
heterogeneity of muscle tissue is significantly lower, the likelihood of measuring
a dielectric property of muscle close to its average value is much higher. In
absolute values, the variability in loss factor is much lower than in dielectric
constant. This is due to the fact that, at 2.45 GHz, dielectric constant values are much greater than loss factors’. In fact, looking again the tables of
uncertainty of each of the twenty characterized tissues, one can observe that
the repeatability is fairly similar for both properties in all of them since values
were computed in percentage terms from the relevant parameter.
1
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Figure 3.22: Probability distribution of the dielectric properties at f=2.45 GHz: (a) dielectric
constant, (b) loss factor.

Observing the probability densities of the dielectric constants of the tissues
at higher frequencies in the Figs. 3.23 and 3.24, one can observe that variability
tend to decrease, at least in absolute values. On the contrary, in loss factor
variability tends to increase. However, comparing the probability densities of
a particular tissue among different frequencies is not completely accurate. For
instance, the repeatabilities of the tissues shown at the different tables of the
previous section show that, in general, they increase with frequency in relative
terms. Therefore, comparing the probability densities of both properties or
even of the same property at different frequencies is not an easy task since they
are affected by the absolute values considered each time.
In general, regardless of the property and frequency considered, pancreas
tissue is the one with the highest variability, followed by fat, skin and muscle.
Most high water-content tissues have a similar distribution than that of the
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Figure 3.23: Probability distribution of the dielectric properties at f=12.5 GHz: (a) dielectric
constant, (b) loss factor.
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Figure 3.24: Probability distribution of the dielectric properties at f=18 GHz: (a) dielectric
constant, (b) loss factor.
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muscle. On the other hand, tissues with a lower quantity of water have more
specific behaviours. For instance, the dielectric properties of skin and fat tissue vary greatly since the quantity of adipose tissue and water is not constant.
These properties vary not only when measuring at different positions, but also
within a particular region (although at a lower degree). Lung, particularly, has
a large variability due to the breathing state. These large variabilities were
previously reported in Gabriel’s report [87]. However, the large variability obtained for pancreas tissue was not expected. Its dielectric properties were only
previously presented in [94], and unlike our results, theirs were similar to those
from high water-content tissues. This may be caused by their assumption that
pancreas had the same dielectric properties than thyroid, originally measured
in Gabriel’s database [87].
f = 2.45 GHz
µ
s

f = 12.5 GHz
µ
s

f = 18 GHz
µ
s

0r
00r

57.68
16.61

0.77
0.24

40.42
23.74

0.97
0.53

33.20
24.60

0.84
0.80

Skin

0r
00r

39.72
10.56

2.61
0.78

28.54
14.09

1.78
1.27

24.54
14.53

1.39
1.33

Pancreas

0r
00r

34.67
9.16

4.59
1.30

24.64
12.07

3.09
1.77

21.06
11.95

2.61
1.81

Fat

0r
00r

13.41
3.52

3.51
1.03

9.49
4.25

2.60
1.22

8.20
3.91

2.24
1.24

Tissue

Property

Muscle

Table 3.41: Fitted coefficients of the logistic distribution for the selected tissues and frequencies.

Impact of dielectric uncertainty in WBAN systems
In the introductory chapter, we exposed that the electromagnetic properties of
biological tissues are important for developing different types of applications,
like SAR evaluations and development of electromagnetic phantoms, among
others. Hence, the uncertainty of the measurements can compromise these
developments. However, this uncertainty is inherent to biological tissues, and
in some application designs it should be taken into account.
For instance, this phenomenon can have an impact in the development of
antennas for Wireless Body Area Networks (WBAN). For the same working frequencies, this kind of antennas are much smaller than those that work
for air, since the presence of a surrounding dielectric of much higher value
shifts their resonant frequency to lower values [95] - apart from other effects
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like changes in the radiation patterns. When designing a particular antenna
for a particular WBAN system, the most common practice is to replicate the
conditions in which it is intended to work in a simulated environment. This
design is performed by using both an electromagnetic simulation software and
a Computer-Aided Design (CAD) model that imitates the shape of the body
or the part of the body to be simulated. This CAD model contains the shape
of the different tissues that compose it and the dielectric properties related to
these tissues.
The most common and straightforward practice is to assign the electromagnetic properties provided in Gabriel’s database to the simulated tissues.
Simulating just in this manner has some downsides: tissues are not completely
homogeneous within all their shape, as we have proved; dielectric properties
are usually measured using animal models, which vary among species [96]; the
age of the subject and the measurement conditions in which these properties
where gathered add an extra uncertainty to the values [53, 93] etc. Therefore,
when designing a WBAN antenna, they should work not only for the typical
and expected case, but they also should perform reasonably well within the
variability range of the dielectric properties of the considered tissues. Indeed,
it should be mentioned that some authors have designed WBAN antennas considering a potential detuning of these properties, or making them useful in the
presence many different tissues [97, 98].
With the aim at proving the impact of tissue variability in the design of a
WBAN channel, a set of simulations considering an In-Body to On-Body channel have been performed. Simulations were carried out with CST Microwave
Studio, choosing part of the abdomen from the CAD Female Visible Human
model (commonly known as “Nelly”) and using different values of the dielectric properties of the tissues involved. In the model, only skin, fat and muscle
tissues were considered, simulating the performance of two WBAN antennas
as one can observe in the Fig. 3.25. Besides, the antenna presented in [99] was
used as the on-body one, located almost in contact with skin tissue, whereas
the antenna presented in [94] was used as the in-body one, placed inside muscle
tissue.
Simulations were performed within the 3.1 - 5.1 GHz band despite antennas could work up to higher frequencies since the computational cost increases
hugely with frequency. Even so, the particular performance of these two antennas is not important in itself but the conclusions that can be extrapolated from
the obtained results. The overall dimensions of the simulated scenario were 22.7
cm x 18.7 cm x 19.7 cm, considering a mesh of around 158 million of cells for
computation. The antennas were separated 5 cm, crossing layers of 5 mm of
air, 2 mm of skin, 2.2 cm of fat and 2.1 cm of muscle tissue, approximately.
The following cases were simulated:
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c
d
e

a
b

Figure 3.25: Instance of the simulation setup considered: (a) on-body antenna, (b) skin layer,
(c) fat layer, (d) in-body antenna, (e) muscle layer.

1. Minimum permittivity case. In this first case, the average permittivities - 2 x SDM of each tissue were selected.
2. Average permittivity case. The second simulation consisted in using
the average properties computed for each tissue.
3. Maximum permittivity case. Lastly, the setup was simulated considering the average permittivities + 2 x SDM of the tissues.
We chose twice the SDM to compute the edge cases since, considering a
normal distribution (and the logistic is pretty similar to that one), the 95% of
the possible permittivities would lie within these values. The maximum and
minimum measured permittivities of the tissues were not considered since, in
the other manner, we can minimize the effect of possible measurement outliers.
In the Fig. 3.26, the adaptation of the in-body (dashed) and the on-body
(solid) antennas are represented for each case. Although both antennas seem to
be matched (i.e., they have a reflection coefficient below -10 dB), the variability of the dielectric properties of the tissues affected more significantly to the
external one. It could be due to the fact that skin tissue, which is the closest
to this antenna, has much larger variability in the simulated frequencies than
muscle, which is the tissue that surrounds the in-body one. With respect to
the on-body antenna, the differences between the edge cases are around 2 dB
in almost all the simulated bandwidth, which shows the importance of checking
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Figure 3.26: Reflection coefficients of the in-body antenna (dashed lines) and the on-body
antenna (solid lines) in the three cases.

that antennas perform properly not just for the average permittivity properties. The differences were not as large for the in-body antenna, but still close
to 1 dB at 3.1 GHz.
Besides, the dielectric properties of the tissue that surrounds an antenna
defines its resonant frequencies, as also stated in [100]. This is not as critical
for wideband antennas as for narrowband ones. For instance, one can observe
that tissue variability causes a frequency shifting in both the local minimums
and maximums of the reflection coefficient of the on-body antenna, although
it remains matched. Nevertheless, considering a narrowband antenna, this
shifting can be much more problematic. As aforementioned, some authors are
already designing their antennas to work for different tissues [97, 98]. This
approach can avoid collaterally the problems that the dielectric variability of
the tissues involve.
It should be mentioned that the presented results are particular for the
two considered antennas and does not represent all kinds of WBAN antennas,
which could be affected to greater or lesser extents. We have made use of
these antennas as we had available their CAD designs and they have been
manufactured and used in real WBAN testings, and although these particular
antennas were adapted at the three simulations, we wanted to show that the
tissue uncertainty is indeed translated to the simulation results and therefore
it could be disruptive for other devices.
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3.3.2

Comparison with other studies

The presented results are particularly novel for pancreas and oesophagus, tissues that have not been characterized at any condition so far. Despite the
fact that some dielectric properties have been reported for pancreas tissue in
[94], authors assumed that the properties of the thyroid were identical than
pancreas, which we have proved wrong given the large differences. This is also
the first report in which dielectric data of in vivo stomach is presented, and
the first time that heart tissue is measured in vivo above 8 GHz, extending
the work performed in [101]. In addition, the latter work was carried out on
frog tissues, which makes dielectric data difficult to be extrapolated since the
temperature of the heart tissue measured was 22 ◦ C. This occurred because the
inner temperature of frog models adapt to that of the environment, and the
implications of being around 15 ◦ C less than human’s normal temperature are
not negligible. A summary of the differences in dielectric properties among the
biological tissues characterized in the current dissertation and in previous studies is presented in the Table 3.42. For each tissue, differences are presented as
shown in Eq. 3.2, in percentage terms and averaging within those frequencies
shared with our study.
∆0r (%) =

fend
1 X 0ref (f ) − 0r (f )
∗ 100
n
0r (f )

(3.2)

f =f1

where ∆0r is the average difference of the relative differences computed for the
dielectric constant, n is the number of shared frequencies from the first one f1
to the last one fend common to our study, 0ref (f ) is the dielectric constant of
the study to be compared and 0r (f ) is the averaged dielectric constant of our
study. The differences in loss factor ∆00r are calculated in the same way.
Reference

Abdilla
[102]
Andreuccetti
[94]
Brady1
[103]

Source
Bovine
Ex vivo
Human
Ex vivo
Bovine
In vitro

1

Burdette
[104]

Canine
In vivo
Human
In vitro

Freq.
(GHz)

Mean Differences (%)
(∆0r | ∆00r )
Liver (3.16|-23.57), Muscle
(-8.31|-18.20)

0.5 - 26.5
0.5 - 20
2-4
0.5 - 11

Pancreas (58.50|84.02)
Aorta (-4.34|-8.29), Kidney
(-11.74|-4.74), Liver (-15.04|-12.91),
Muscle (-18.29|-10.34)
Kidney (-9.49|13.16), Kidney
(-18.50|-11.39)2
Muscle (-15.71|n.a.3 )

0.5 - 8
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Farrugia
[105]
Fornes
[106]

Gabriel
[87]

Rat
In vivo
Rat
In vivo
Human
Ex vivo
Bovine
In vitro
Human
In vitro

0.5 - 11

Blood (10.13|8.11), Fat
(-16.26|-29.03)4 , Muscle (-2.28|n.a.3 )

0.5 - 26.5

Liver (2.96|-9.71)

0.5 - 18

Colon (-14.70|-9.42)
Fat (-34.46|-47.87)

0.5 - 20

Ovine
In vitro

Guardiola
[107]

Human
Ex vivo

0.5 - 20

Joines [51]

Human
Ex vivo

0.5 - 0.9

Kraszewski
[108]

Feline
In vivo

0.5 - 8

Feline
In vitro
Rat
In vivo
Lazebnik
[109]
O’Rourke
[53]

Bovine
Ex vivo
Human
Ex vivo

0.5 - 12

Aorta (1.88|-14.08), Bladder
(-68.76|-73.21), Ovary (-23.31|-7.99),
Skin (-0.17|13.35)5 , Small intestine
(-13.74|9.50), Stomach (1.72|3.11),
Uterine matrix (7.93|-8.86)
Blood (-0.77|15.74), Colon
(-14.69|-6.02), Gallbladder
(-1.16|-0.20), Heart (-9.75|-4.61),
Kidney (-6.09|2.75), Liver
(-14.45|-12.29), Lung (-32.17|-18.58),
Muscle (-3.41|-13.69), Spleen
(-5.36|8.76)
Colon (-16.36|-28.51)
Colon (-24.04|-32.76), Kidney
(2.72|3.50), Liver (-7.93|-5.67), Lung
(94.91|71.01), Muscle (-16.88|-30.01)
Kidney (-11.74|-18.50), Liver
(-4.38|-18.40), Muscle (-9.98|-9.56),
Spleen (-4.09|-10.60)
Kidney (-12.30|-21.03), Liver
(-1.48|-14.57), Muscle (-9.73|-11.33),
Spleen (-3.10|-8.82)
Kidney (-7.01|-12.69), Liver
(-8.28|-15.30), Muscle (-3.62|-4.96),
Spleen (-2.84|-1.93)

0.5 - 20

Liver (-2.93|-12.86)

0.5 - 20

Liver (-10.39|-15.65)
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Peyman
[93]

Rat
In vitro

Porter
[110]
Salahuddin
[111]

Bovine
Ex vivo
Porcine
Ex vivo
Frog
In vivo
Frog
In vitro

Schwartz
[101]

0.5 - 10

0.5 - 20

Kidney (-23.38|-14.17), Liver
(-10.76|-10.26), Muscle (-19.58|-4.67),
Skin (-24.91|-6.20), Spleen
(-14.15|-6.32)
Bladder (-2.33|-1.74), Bladder
(2.00|-3.16)6

0.5 - 20

Kidney (-3.08|-4.50)

0.5 - 8

Blood (21.33|-3.21), Heart
(12.63|11.43), Muscle (-2.03|7.71)
Heart (5.05|3.21), Skin (22.65|41.01)

Stuchly(A)
[112]

Feline
In vivo

0.5 - 1

Kidney (-26.55|-17.98), Liver
(-13.06|0.84), Muscle (-6.71|8.95),
Spleen (-13.84|-0.91)

Stuchly(B)
[96]

Feline,
Rat
In vivo

0.5 - 8

Liver (-4.54|-22.49), Muscle
(-10.42|-16.95), Spleen (-5.73|-14.23)

Xu [113]

Canine
In vitro

0.5 - 11

Heart (-16.73|7.05), Kidney
(-9.27|8.09), Liver (-4.16|4.10), Muscle
(-9.72|12.03), Skin (-7.25|10.65)

1
2
3
4
5
6

Yilmaz
Rat
0.5 - 6
Liver (-6.64|-15.08)
[114]
In vivo
Data extracted from figures
Measurements performed in vitro
Data could not be retrieved from figures with accuracy
Measurements only up to 2 GHz
Measurements performed in vivo
Measurements performed on porcine samples

Table 3.42: Summary of the averaged differences with respect to previous studies. Values in
relative terms of the relevant parameter.

The electromagnetic properties measured within the framework of this thesis are greater than those properties presented in many of the gathered ex vivo
studies. In those studies in which different conditions were measured, the dielectric properties are higher if gathered in vivo than in any other condition
[101, 104, 108], agreeing with our outcomes. The differences are lower with
respect to dielectric characterization studies performed at in vivo conditions,
although generally the values of this work are slightly higher than most of them.
This can be due to the fact that many of the self-declared in vivo studies were
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not conducted strictly at this condition, but rather considering freshly killed
models. The latter approach facilitates the characterization, but the lack of
blood perfusion can lower the measured properties. Still, our results agree generally well with most of the compared in vivo sources. It should be mentioned
that the differences are higher comparing with the study of Schwartz [101],
although as aforementioned it can be due to the fact that the temperature of
the in vivo frog samples was much lower than that of the rest of the in vivo
sources.

3.4

Conclusion

In this chapter, we have presented the in vivo electromagnetic properties found
for the tissues of the abdominal and the thoracic regions, properties that enlarge
the information that is currently available in literature. The key advantage of
the presented collection with respect to other in vivo studies is the fact that
a great quantity of tissues have been characterized under the same conditions:
using the open-ended coaxial system, all of them characterized within a very
wide bandwidth and taking samples from the same animal species.
To access the tissues of these regions, a laparotomy and a thoracotomy
were performed on three sedated and anaesthetized female porcine models of
50 kg. At least 45 measurements of the following tissues were carried:
aorta, bladder, blood, colon, fallopian tubes, fat, gallbladder, heart,
kidney, liver, lung, muscle, oesophagus, ovary, pancreas, skin, small
intestine, spleen, stomach, uterine matrix. Then, the average properties were computed, alongside their respective uncertainties and the Cole-Cole
model of each averaged permittivity. A quantitative comparison with other in
vivo and ex vivo studies is addressed, observing that generally in vivo properties
are higher to their analogous ex vivo ones.
Results showed that high water-content tissues, apart from having higher
permittivity values, had lower uncertainty than low water-content ones. Uncertainty is related to different factors, being the natural heterogeneity of the
biological tissues the most significant one. As expected from Gabriel’s studies,
the variability of tissues like fat, skin and lung was higher than compared to the
rest. However, pancreas also showed a large unexpected uncertainty, due to a
natural inhomogeneity that has not been assessed so far. Finally, a set of simulations of an in-body and an on-body antenna have been run in order to show
how the variability of tissues can impact their adaptation, always considering
that these results are particular for these two antennas.
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Chapter 4

Dielectric characterization
of pathological human
colon tissues
In this chapter, the dielectric data of the human colon tissues collected in this
thesis are presented. Healthy, cancerous and different pathological states of
colon tissue have been characterized. To this end, two different sources of
human colon samples have been collected: samples gathered from colonoscopy
procedures and samples taken from surgery resections. The main idea is to
determine if it is possible to detect CRC or other pathologies making use of
their dielectric properties. These measurements were carried out at Hospital
Universitari i Politècnic La Fe, Valencia, Spain, in a conditioned room of its
endoscopy unit and under the guidance and supervision of the medical experts.

4.1

Introduction

There are several differences between healthy cells and cancerous cells. Some
of the differences are already understood, whereas others are not so well known
yet. Mutations cause that cancerous cells keep growing when enough cells are
present, irregularities in shape and size, a higher demand of blood supply etc.
In essence, cancer mutations change the biological structure of the cells, which
in turn has an effect on the interaction with the electromagnetic waves. Among
other reasons, this is due to the fact that proteins acquire more surface charges
in malignant tumours, and the attraction of these charges for water molecules
results in the presence of more “bound water” [56].
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This different interaction can be translated into changes in the electromagnetic properties of the cancerous states of the tissues. Many of them have found
out significant differences between the properties of healthy and malignant tissues. In [51], several normal and malignant ex vivo human tissue samples were
measured in the 50 - 900 MHz frequency band, showing that the dielectric
properties of malignant tissues had larger values than those of healthy ones.
In [52], similar differences were obtained up to 5 GHz. The xenograft model
was used, in which human tumours were cultivated in mice, grown, extracted
and measured just after resection. In [53], authors investigated the differences
between normal, malignant and cirrhotic human liver from 0.5 to 20 GHz,
concluding as well that statistically significant differences exist between the dielectric properties of ex vivo normal and malignant liver tissue. Besides, breast
cancer has been one of the most investigated [54, 55]. This is due to the fact
that the major electromagnetic differences between malignant and healthy cells
have been obtained for this tissue, making it easier the development of cancer
detection applications.
All these evidences prove that the electromagnetic properties can be used as
cancer detection markers. Colon tissue was selected as a target of the present
thesis as the open-ended coaxial system could be used during the colonoscopy
procedure, by measuring either biopsy samples or in situ colon tissue if the
system could be embedded within the colonoscope. Therefore, two sources of
tissues in which human samples can be gathered have been considered: biopsies
from colonoscopy procedures and samples from surgery resections.
For both measurement campaigns, the healthy and pathological colon samples of each patient have been measured. In order to develop a detection tool,
it is important to find differences between the healthy and the pathological
states within a patient. Obtaining the permittivity of a suspicious tissue and
considering a decision threshold would not be valid since the permittivity of
a particular pathology does not have identical values regardless of the patient
studied. The following factors are mainly responsible for this:
• On the first place, it is known that the age of the patient can affect to
the absolute values of the permittivity [115]. It should be highlighted
that no large changes are expected among adult people.
• The elapsed time between samples’ extraction and measurement
is not identical. It means that the samples of some patients have been
exposed to air more than others, which can alter the obtained values as
exposed in [105]. In addition, the size of the samples can modify their
dehydration rate.
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• The temperature of the samples is another factor that can modify the
dielectric properties of a biological tissues, and since measurements are
performed ex vivo it depends on the ambient temperature.
• Finally, the calibration can affect differently between measurement sessions. Possible errors would be systematic within a calibration session,
meaning that they would affect the measured samples of a particular
patient in the same manner.

4.2

Measurement of biopsies

The protocol of sample gathering as well as the results obtained from the
measurements of colonoscopy biopsies are detailed in this section. Even though
the size of the biopsies is rather small, this source of samples was considered
since other colon pathologies apart from CRC could be evaluated.

4.2.1

Sample collection protocol

The protocol for collecting and measuring the biological samples was prepared
jointly with the medical supervisor and afterwards it was approved by the
ethical committee of the hospital. The protocol considers all the steps that
have to be followed from the first contact with the patient until the storage of
the dielectric properties:
1. Before starting the colonoscopy procedure, patients are informed by the
medical staff of the aim of the study and asked to participate in it. If
they are willing to take part in it, they have to sign a consent form giving
their permission.
2. The examination of the colon is performed. If suspicious tissues are found,
they are resected to be sent to the anatomical pathology unit. In those
cases in which suspicious tissues are large enough, a sample is collected
for the present study as well. Tissues are resected by means of biopsy
forceps and then they are placed in empty plastic receptacles.
3. If a suspicious colon tissue is resected for this study, then a healthy sample
of the nearby area is taken as well and placed in another receptacle. Once
both samples are collected, they are sent to the measurement room as
soon as possible (ten minutes at most).
4. A calibration of the system is performed recurrently in order to be ready
to measure when samples arrive to the measurement room. Then, both
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Figure 4.1: Measurement of a sample gathered from a colonoscopy procedure.

samples are placed in a glass sheet and pressed to the tip of the openended coaxial sensor, as can be seen in the Fig. 4.1. Three measurements
are performed and stored, using a numerical code to relate them with
their medical history.
5. Once the samples from a patient have been measured, all the equipment that has been in contact with the samples (i.e., sensor’s tip, forceps
to place the samples in glass sheets) is cleaned using either acetone or
ethanol. Samples are put back into the plastic receptacles and dropped
in a suitable container.
6. Biopsies are analyzed by the anatomical pathology unit, returning the
results within a few weeks. Then, we are able to process the results in
terms of their resulting pathological state. The protocol is summarized
in the Fig. 4.2
At the beginning of the study, a healthy sample was collected from the
willing patients regardless if they had suspicious polyps or not. As a result, a
great volume of data from healthy tissues could be collected and then we were
able to determine more accurately the average values of permittivity of these
samples along with their deviation. Besides, six different pathologies have been
being measured during the development of this thesis: Adenocarcinomas, adenomas without dysplasia, adenomas with Low-Grade Dysplasia (LGD), adenomas with High-Grade Dysplasia (HGD), hyperplastic polyps (hyperplasias) and
hamartomatous polyps (hamartomas). A total of 71 paired samples (pathological and healthy from the same patient) have been currently analyzed. The
volume of paired samples analyzed for each pathology is listed in the Table 4.1.
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Figure 4.2: Summary of the protocol followed for gathering the dielectric data of the biopsies.

Pathology

Number of samples

Adenocarcinomas (CRC)

8

Adenomas without dysplasia

13

Adenomas with LGD

29

Adenomas with HGD

12

Hyperplastic polyps

7

Hamartomatous polyps

2

Table 4.1: Number of paired samples analyzed for each pathology.

4.2.2

Results of each pathology

In this section, the dielectric properties of the characterized pathologies are
represented. The properties of their healthy tissues are depicted as well. To
this end, first of all an average of the captured properties of each pathology
is performed frequency by frequency (this is, if we have x measurements of
one particular pathology, the mean of each captured frequency is computed).
Then, the resulting permittivity curve of each pathology is fitted to a 2-pole
Cole-Cole equation, which is presented jointly with their respective standard
deviations (these deviations are shown just for a few frequencies for an easier
visualization). The computed Cole-Cole coefficients of each pathology are listed
later in the Table 4.2
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CRC
Adenocarcinomas are the most common type of CRC by far, and it has been
the only type of cancer assessed in this work. This cancer can appear after
a series of mutations of colonic glands. At Fig. 4.3 one can observe that the
dielectric properties of CRC are higher in average that those from their healthy
tissues. Differences in dielectric constant are getting lower with frequency,
unlike conductivity and loss factor. The larger differences in dielectric constant
are found for the lower frequencies, between 2 and 5 GHz approximately. As
shown in the figure, the variability of the dielectric properties of CRC is quite
high, larger than that of the healthy tissues of patients with this pathology. It
can be due to differences in the biological structure of cancerous cells among
the different patients, although a higher volume of samples is needed to certify
it.
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Figure 4.3: Averaged dielectric properties of the measurements of samples from patients with
CRC jointly with their standard deviation.
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Adenomas without dysplasia
Adenomas are benign tumours of epithelial tissue with glandular origin. However, they are considered a premalignant state of CRC. Its prevalence is quite
high, and they are usually removed during colonoscopies because about in the
10% of individuals it becomes in CRC with time [116]. Observing Fig. 4.4,
one can observe that the dielectric properties of the healthy and the adenomas
without dysplasia of patients with this pathology are very similar. However,
in this case, the average dielectric properties of the healthy tissue are above
the pathological ones. Again, the variability of the pathological state is higher
than of the normal one.
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Figure 4.4: Averaged dielectric properties of the measurements of samples from patients with
adenomas without dysplasia jointly with their standard deviation.
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Adenomas with LGD
These are adenomas with an abnormal development of cells. In particular,
the number of immature cells increases in contrast to the number of mature
ones. It is often an indicative of an early neoplastic process. These kind of
adenomas have been the most measured colon pathology. The average values
of its dielectric properties are almost identical to those of the previous case.
The variability of the properties of the pathological state is lower than that of
the previous cases, being very similar to the normal one as one can observe in
the Fig. 4.5. This could imply that the high variability observed for some of
the other pathologies could be simply due to random errors, which effect was
not reduced because of the lower number of measured samples.
70

40
Adenoma low-grade dysplasia
Healthy tissue

Adenoma low-grade dysplasia
Healthy tissue

35
30

50

Loss factor

Dielectric constant

60

40
30

25
20
15
10

20

5

10

0
0

3

6

9

12

15

18

21

24

27

0

3

6

Frequency (GHz)
(a)

9

12

15

18

21

24

27

Frequency (GHz)
(b)

45
Adenoma low-grade dysplasia
Healthy tissue

Conductivity (S/m)

40
35
30
25
20
15
10
5
0
0

3

6

9

12

15

18

21

24

27

Frequency (GHz)
(c)

Figure 4.5: Averaged dielectric properties of the measurements of samples from patients with
adenomas with LGD jointly with their standard deviation.
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Adenomas with HGD
These are advanced states of adenomas with dysplasia, a more advanced state
towards CRC. In the Fig. 4.6 are represented the averaged properties obtained
for this kind of adenomas. Results are in agreement with the two previous
cases: the electromagnetic properties of this kind of adenomas are very similar
to the healthy tissues of the patients with this pathology. In addition, since
the properties of the pathological state barely vary among the three kinds of
adenomas, it seems that the degree of dysplasia is not affecting the dielectric
properties. In this case, the variability of the pathological state is very similar
to the normal one, having some outliers at frequencies above 21 GHz in the
loss factor and the conductivity. This can be due to the greater noise of the
measurements above 20 GHz, as the standard deviation is not following the
trend observed for the lower frequencies.
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Figure 4.6: Averaged dielectric properties of the measurements of samples from patients with
adenomas with HGD jointly with their standard deviation.
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Hyperplastic polyps
Hyperplasia is a kind of benign polyp that, unlike the adenoma, is not usually
considered to be premalignant. The properties obtained for hyperplastic polyps
are depicted in the Fig. 4.7. One can observe that the dielectric properties of
these polyps are almost the same than those of the normal tissues of the patients
with this pathology. Still, the loss factor of the pathology is slightly higher
than the normal state (and thus, the conductivity as well). The current case
is the only one in which the variability shown by the properties of the normal
state is significantly higher than that of the pathological ones. This reinforces
the idea that some of the shown variabilities may not be very representative
given the low pool of measurements performed, as occurred in the case of CRC
measurements.
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Figure 4.7: Averaged dielectric properties of the measurements of samples from patients with
hyperplastic polyps jointly with their standard deviation.
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Hamartomatous polyps
Hamartomas appear as a resulting of an increment of mature cells that have
grown in a disorganized way, sometimes achieving a significant size. In the Fig.
4.8, the electromagnetic properties of this kind of colon polyps are plotted.
Although this pathological state seems to have much lower properties than the
normal state, it should be reminded that only samples from two patients were
measured. In fact, the healthy properties are higher than in the previous case.
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Figure 4.8: Averaged dielectric properties of the measurements of samples from patients with
hamartomatous polyps jointly with their standard deviation.

As a general conclusion of the results presented so far, the cancerous tissues
seem to have higher electromagnetic properties that the normal state, in contrast with the rest of pathologies, in which their properties are identical or even
lower than those of the normal one. The Cole-Cole coefficients of the average
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∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

CRC
Healthy

1
1

59.137
51.654

7.039
6.384

0.177
0.152

343.943
943.856

3.735
439.155

0.000
0.400

0.001
0.575

Adenoma
Healthy

1
1

57.074
54.574

6.920
6.427

0.198
0.160

146.148
636.370

2.279
439.155

0.000
0.400

0.323
0.674

Ad. LGD
Healthy

1
1

53.363
53.889

6.752
6.595

0.135
0.138

723.844
750.889

439.155
439.155

0.400
0.400

0.629
0.644

Ad. HGD
Healthy

1
1

54.668
54.074

7.206
6.726

0.152
0.147

449.323
734.728

4.784
439.155

0.028
0.368

0.001
0.684

Hyperplasia
Healthy

1
1

54.433
55.962

6.881
6.803

0.155
0.179

190.569
664.180

9.738
7.682

0.178
0.056

0.573
0.001

Hamartoma
Healthy

1
1

50.293
57.832

6.240
7.002

0.145
0.150

1032.396
239.442

439.155
2.551

0.400
0.024

0.571
0.001

Table 4.2: Cole-Cole coefficients of the fitted permittivity of both the presented pathologies
and the healthy samples of patients with these pathologies.

permittivity of the shown pathologies and the normal tissues of the patients
with these pathologies are listed in the Table 4.2.
Due to the acquisition frequencies of the measurements performed in this
thesis, only the poles related to the dispersions δ and γ are computed, since any
effect of α and β dispersions are noticeable within them. Hence, eight terms of
the Cole-Cole equation are provided for each fitting shown in this dissertation.
The most important ones are the coefficients of the γ-dispersion, indicated by
the subscript “1”, since they have an effect almost at all measured frequencies
(their weight is higher from 2 GHz). In particular, the term ∆1 quantifies
the initial dielectric constant of the dispersion, whereas τ1 and α1 describe the
decreasing trend of the dielectric constant with frequency. Besides, τ1 is related
to the relaxation frequency of this pole, meaning that around that frequency
f1 = 2π/τ1 [Hz] there is a local maximum in the loss factor and a maximum of
the slope of the dielectric constant.
Regarding δ-dispersion, its coefficients describe the change of trend of the
dielectric constant in the lower measured frequencies (below 2 GHz). Combined
with the conductivity term σs , they also quantify the values of loss factor below
4 GHz. It should be mentioned that the computed coefficients for the second
pole are not physically significant and they only serve for fitting purposes, since
many frequencies of this dispersion region are not measured. The same occurs
with ∞ , related to the permittivity when frequency tends toward infinity, since
not enough high frequencies have been measured.
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4.2.3

Differences between healthy and pathological states

As already commented at the beginning of the chapter, it is important to
compute the differences between the suspicious and the healthy samples of a
patient since measuring just the suspicious tissue would not give enough data to
diagnose it: the variability in the absolute values is quite high, and therefore is
not possible to establish a threshold in the absolute values of dielectric constant
to determine whether a suspicious sample is cancer or not (due to the reasons
explained at the beginning of the present chapter).
For each characterized pathology, the differences in dielectric constant, loss
factor and conductivity are presented by means of box and whisker plots. They
represent the median of the differences, the upper and lower quartiles, the
highest and lowest differences and the measurement outliers. The differences
in dielectric constant were particularized at 2.45 GHz. On the one hand, we
chose this frequency since the larger differences in this property between CRC
and normal tissues appear below 5 GHz, as we showed in the previous section.
On the other hand, future detection systems could operate in this frequency,
since it belongs to the Industrial, Scientific and Medical (ISM) bands available
for current and future application deployments. With respect to the loss factor, larger differences between healthy and cancerous cells are found around
12.5 GHz. This frequency is selected since, unfortunately, no ISM bands are
allocated close to this frequency. Regarding the conductivity, 18 GHz was chosen despite the differences in higher frequency bands are greater since noise
becomes an altering factor at computing the standard deviation above this
frequency.
The differences in dielectric constant ∆0r are computed just with a trivial
subtraction, as shown in the Eq.4.1, being the differences in loss factor ∆00r
and in conductivity ∆σ [S/m] computed in the same manner.
∆0r = 0pathlogy − 0healthy

(4.1)

Dielectric constant
The box and whisker plot of the differences on dielectric constant at 2.45 GHz is
shown in the Fig. 4.9, for the characterized pathologies. Positive differences are
found only for the CRC case, as was expected from the previous section. The
median of this difference is 4.8 units, which is quite significant. On the other
hand, the adenomas (regardless their degree of dysplasia) and hyperplastic
polyps show almost the same median, slightly below 0 units. One can observe
that the boxes are a bit large, meaning that the difference varies significantly
among patients. Hamartomas have not been included in this analysis given the
scarcity of measurements performed regarding this pathology.
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Figure 4.9: Box and whisker diagram of the difference between pathological and healthy
tissues in dielectric constant at f = 2.45 GHz.

Loss factor
In the Fig. 4.10 is represented the box and whisker plot of the differences on
loss factor at 12.5 GHz. The differences are positive not only for CRC, but also
for adenoma without dysplasia and hyperplasia. Once more, larger differences
are found for CRC, having a median of 2.25 units. Regarding the adenomas,
their boxes are quite similar, meaning that their loss factors usually lie within
the same units regardless their degree of dysplasia. As expected from Fig. 4.7,
the difference between hyperplastic and healthy samples within patients has a
median of almost zero units. Again, boxes are quite large, implying that the
obtained differences change significantly among patients.
Conductivity
Lastly, the box and whisker diagram of the differences on conductivity at 18
GHz is shown in the Fig. 4.11. If we had presented these differences in the
same frequency than loss factor, their distribution would have been identical,
only changing the scale (since the same factor would have applied to all the
data, see the Eq. 2.2). However, we chose to present the differences at a
higher frequency since the differences in conductivity between CRC and healthy
tissues are higher at larger frequencies. One can observe that, again, the larger
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Figure 4.11: Box and whisker diagram of the difference between pathological and healthy
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differences are found for CRC. Adenomas have similar differences with respect
to healthy tissues, with a median of zero units (as the hyperplastic polyps).
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4.2.4

Detection performance

With the aim at studying the validity of the open-ended coaxial technique
for detecting the presence of CRC, the markers of performance of the system
considering the dielectric data gathered in the previous sections have been computed. Since the maximum differences are found in the lower frequencies of the
dielectric constant, we chose the unlicensed 2.45 GHz ISM frequency of this
property to carry out the analysis of diagnostic capability. It should be mentioned that, apart of being greater differences, the significance of them is higher
as the error bars are less superimposed (see Fig. 4.3). Therefore, a threshold
of 3.1 units in the difference in dielectric constant between the suspicious and
the healthy (control) samples has been selected, as this value maximizes the
accuracy of the system (maximizes its capability to identify correctly both cancerous and non-cancerous samples). According to the diagnosis, this system
can return the following kind of results:
• True Positive (TP): The disease has been correctly diagnosed for an
ill patient.
• True Negative (TN): The disease has not been diagnosed for a healthy
patient.
• False Positive (FP): The disease has been diagnosed for a healthy
patient.
• False Negative (FN): The disease has not been detected for an ill
patient.
From these for kind of results, five markers of performance of the system
can be computed. The sensibility (Eq. 4.2) is the probability of classifying
correctly an ill patient, this is, the probability of getting a positive value from
a patient that suffers from CRC. The specificity quantifies the probability of
classifying correctly a healthy patient, which is the probability of having a
negative result for a patient without CRC (Eq. 4.3). The Positive Predictive
Value (PPV) reflects the proportion of positive results that corresponds to truly
sick patients (Eq. 4.4), whereas the Negative Predictive Value (NPV) states
the proportion of negative results that corresponds to truly healthy patients
(Eq. 4.5). Finally, the Global Predictive Value (GPV), which can be identified
as the accuracy of the system, reflects the proportion of correct results among
the totality of cases assessed (Eq. 4.6).

Sensibility = 100 ∗

TP
True positives
= 100 ∗
= 75.0% (4.2)
Number of positive cases
TP + FN
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Specificity = 100 ∗

True negatives
TN
= 100 ∗
= 88.7% (4.3)
Number of negative cases
TN + FP

PPV = 100 ∗

NPV = 100 ∗

GPV = 100 ∗

TP
True positives
=
= 46.2%
Total of positives
TP + FP

TN
True negatives
= 100 ∗
= 96.5%
Total of negatives
TN + FN

(4.4)

(4.5)

True diagnosis
TP + TN
= 100 ∗
= 87.5% (4.6)
Number of cases
TP + TN + FP + FN

As the permittivity values of healthy and pathological samples decrease
with frequency more or less at the same level, these detection markers are kept
even if a potential system is designed for upper frequencies. For instance, at 10
GHz the markers remain identical if the threshold is moved accordingly (as the
absolute differences are reduced). For the same value of sensitivity, considering
either the loss factor or the conductivity reduces the overall performance of
the system to an accuracy (or GPV) of less than 85% whatever the frequency
considered.
Although we have found out differences between healthy and cancerous
samples, we did not find significant differences to diagnose any other pathology. Hence, two major actions can be performed with the open-ended coaxial system. On the one hand, it can be utilized to discard samples that the
colonoscopist already thought were not malignant, avoiding thus any additional
burden to the pathology unit. In the detection markers we appreciate a NPV
of 96.5%, that is in accordance with the threshold of ≥ 90% established by the
Preservation and Incorporation of Valuable Endoscopic Innovation document
written by the American Society of Gastrointestinal Endoscopy (ASGE), which
gives an interesting approach to our system [117]. On the other hand, it could
be used to speed up the pathological analysis of suspicious samples, if both the
visual inspection and the electromagnetic processing suggest the likelihood of
being malignant.
In future deployments, systems should consider a safety margin from the
selected threshold as results always have a certain amount of uncertainty. In
this case, uncertainties are related to factors such as the measurement system
and calibration (Section 2.3.3), tissue dehydration and measurement errors. In
any case, the performance markers provided could change with a larger volume
of results. For instance, the number of cancerous biopsies is low and thus the
addition of more results could affect the performance in terms of sensibility
substantially.
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Figure 4.12: Measurement of colon samples gathered from a surgery procedure.

4.3

Measurement of surgery samples

The protocol of sample gathering as well as the results obtained from the measurements of surgery resections are detailed in this section. This source was
considered given the large size of the measurement samples and the certainty of
being characterizing cancerous samples. A total of 20 paired samples (pathological and healthy from the same patient) from this source have been analyzed.

4.3.1

Sample collection protocol

As occurred with the previous campaign, the protocol for collecting and measuring the biological samples was prepared by the medical supervisor and then
approved by the ethical committee of the hospital. The protocol guides through
the steps that have to be followed from the first contact with the patient until
the storage of the dielectric properties:
1. Before starting the surgical procedure, patients that carry CRC are informed by the medical staff of the aim of the study and asked to participate in it. If they are willing to take part in it, they have to sign a
consent form giving their permission.
2. The colon surgery is performed. In this operation, the part of the colon
that contains the cancer is removed. Part of the surrounding healthy tissue is extracted as well to ensure that no cancerous cells remain. Then,
one sample of healthy tissue and a malignant one are cut, placed in empty
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receptacles and sent to the measurement room as soon as possible (between 20 and 30 minutes from excision).
3. In the measurement room, a calibration of the system is performed recurrently in order to be ready to measure when samples arrive. Both samples
are placed in a glass sheet and pressed to the tip of the open-ended coaxial sensor, as it can be seen in the Fig. 4.12. Five measurements are
performed and stored, using a numerical code to relate them with their
medical history.
4. All the equipment that has been in contact with a biological sample
(i.e., sensor’s tip, forceps to place the samples in glass sheets) is cleaned
using either acetone or ethanol. Samples are put back into the plastic
receptacles and dropped in a suitable container.

4.3.2

Results

The dielectric constant, loss factor and conductivity of the healthy and the
cancerous tissues are represented in the Fig. 4.13 jointly with their respective
standard deviations. As performed as well with the results from the biopsies
campaign, these properties have been obtained after applying a 2-pole ColeCole fitting to the average properties computed. Comparing the dielectric constant of both states, one can observe that the dielectric constant of malignant
colon tissue is around five points higher than that of healthy tissue at lower
frequencies (5.06 averaging the first 4 GHz), whereas above this frequency the
difference tends to decrease. Analyzing the entire frequency band in relative terms, the mean of the dielectric constant of malignant tissues
is 8.40% higher averaging all the measured frequencies. As commented
in the introduction chapter, [118] explained that this significant difference is
due to the higher water content that cancerous tissues have. Moreover, since
proteins acquire more surface charges in cancerous tissues, water molecules are
attracted to them causing an increment of “bound water” [56]. On the other
hand, error bars show a lower standard deviation of the dielectric constant of
malignant tissues with respect to healthy ones in the whole frequency band,
showing thus a narrower dispersion of the measurements of this kind of tissue.
This effect was also noticed in the liver ex vivo report of [53].
Loss factor differences are slightly higher in relative terms (10% averaging
all the acquisition frequencies), but the standard deviation is much greater as
one can observe from the error bars. Regarding the conductivity, the differences
between normal and cancerous cells are small and noticeable above 6 GHz, but
they have less statistical significance since the error bars are highly superimposed in almost all of the studied frequency band. These differences increase
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Figure 4.13: Averaged dielectric properties of the measurements of samples from surgery
resections jointly with their standard deviation. (a) Dielectric constant, (b) loss factor, (c)
conductivity.

with frequency due to the frequency factor that multiplies the imaginary part
of the permittivity, as one can see in the Eq. 2.2. Again, the standard deviation
of malignant tissues is lower than that of healthy ones, as one can observe from
the error bars.
Results have been particularized for six frequencies: 500 MHz, 900 MHz,
2.45 GHz, 5 GHz, 8.5 GHz, 12.5 GHz and 18 GHz. These frequencies have been
chosen in order to give specific values of our measurements and analyze them
in the following sections. Besides, the 500 MHz, 900 MHz and 5 GHz bands
facilitate comparing our results with literature data. The particular data for
900 MHz and 2.45 GHz can be useful in the design of devices that work in the
the already available 915 MHz and 2.45 GHz ISM bands (the electromagnetic
properties of 900 and 915 MHz are almost identical). The upper frequencies
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(8.5, 12.5 GHz and 18 GHz) have been chosen for showing specific data at higher
frequencies. The mean and the standard deviation of the dielectric parameters
for the seven discrete frequencies are presented in the Tables 4.3 and 4.4 for
healthy and malignant tissues, respectively. In general, it can be seen that for
any dielectric parameter and frequency, the values of the malignant state are
higher and their deviation lower than the healthy ones.
Frequency

0r

00r

σ[S/m]

0.5 GHz
0.9 GHz
2.45 GHz
5 GHz
8.5 GHz
12.5 GHz
18 GHz

63.16 ± 2.05
60.80 ± 2.27
57.19 ± 2.46
53.10 ± 2.49
47.25 ± 2.22
40.97 ± 2.01
33.75 ± 1.86

37.81 ± 2.91
24.00 ± 1.65
15.95 ± 0.70
17.52 ± 0.93
20.87 ± 1.39
23.22 ± 1.91
24.25 ± 2.43

1.06 ± 0.08
1.20 ± 0.09
2.17 ± 0.10
4.87 ± 0.28
9.89 ± 0.74
16.14 ± 1.33
24.29 ± 2.43

Table 4.3: Dielectric data of malignant tissues particularized for discrete frequencies. Mean
and standard deviation values.

Frequency

0r

00r

σ[S/m]

0.5 GHz
0.9 GHz
2.45 GHz
5 GHz
8.5 GHz
12.5 GHz
18 GHz

57.86 ± 2.96
55.55 ± 3.06
52.14 ± 3.11
48.46 ± 3.12
43.35 ± 2.94
37.80 ± 2.53
31.33 ± 1.94

34.46 ± 2.89
22.01 ± 1.86
14.53 ± 0.96
15.75 ± 1.14
18.74 ± 1.83
20.96 ± 2.69
22.10 ± 3.42

0.97 ± 0.08
1.10 ± 0.09
1.98 ± 0.12
4.38 ± 0.30
8.86 ± 0.84
14.57 ± 1.87
22.14 ± 3.42

Table 4.4: Dielectric data of healthy tissues particularized for discrete frequencies. Mean and
standard deviation values.

The Cole-Cole fitting coefficients are presented in the Table 4.5. As already
commented at the end of Section 4.2.2, one of the most characteristic parameters is ∆1 , since it quantifies approximately the dielectric constant at the
initial frequencies of γ-dispersion, above 1 GHz. The other coefficients of that
pole describe the decreasing trend of the dielectric constant with frequency as
well as the values and frequency of the local maximum of the loss factor. The
second pole is less significant, but jointly with the conductivity term it is useful
for fitting the properties at the lower measured frequencies.
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Malignant
Healthy

∞

∆1

τ1 [ps]

α1

∆2

τ2 [ns]

α2

σs

3.690
2.746

55.268
50.580

7.915
7.487

0.114
0.116

983.172
1196.854

10.900
16.090

0.065
0.085

0.005
0.005

Table 4.5: Cole-Cole coefficients of the fitted permittivity of the cancerous and the healthy
samples from surgery resections.

4.3.3

Differences between healthy and malignant states

In this section, we evaluate the change in dielectric properties between the
healthy and the cancerous tissues of each patient, and then we analyze how
these differences vary among the 20 patients (in terms of its probability distribution and standard deviation). Although the average of this difference can
be computed directly from the wideband data, its standard deviation should
be calculated in order to assess the reproducibility of this difference among
patients.
In the Fig. 4.14, the averaged differences in the dielectric properties between
the healthy and the malignant tissues within the same patient are presented
jointly with their standard deviation (in error bar format). As expected from
the previous results, and agreeing well with the results provided in Section
4.2.3 for the biopsies campaign, the larger differences are found in the lower
frequencies of the dielectric constant. In addition, this difference is the most
significant considering the error bars, since even considering the standard deviation it remains greatly above zero units: considering the particular frequency
of 2.45 GHz, the difference is above 3.1 units for 19 out of the 20 patients considered. This difference in dielectric constant is reduced gradually when the
frequency is increased, in both absolute and relative terms. This decrease could
be explained by the information presented in [49, 50]. These works expound
that the difference between the electromagnetic absorption of healthy and malignant tissues has its maximum peak between 100 and 800 MHz, centered
approximately on 400 MHz, which can be related to the maximum differences
of permittivity among them.
Regarding the standard deviation, it slightly decays with frequency in the
dielectric constant, whereas in contrast it increases in loss factor. For both
properties, there is an increase above 18 GHz due to the rise of the measurement
noise above this frequency. The average and the standard deviation of the
computed differences have been particularized in the Table 4.6 for the discrete
frequencies selected in the previous section.
Besides, a Kolmogorov−Smirnov test has been performed at each frequency
in order to characterize the kind of distribution that fits better the differences
between tissues of the same patient (the kind of functions are the same than
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Figure 4.14: Mean and standard deviation of the differences in the dielectric properties of the
measurements of surgery samples: (a) dielectric constant, (b) loss factor, (c) conductivity.

Frequency

∆0r

∆00r

∆σ[S/m]

0.5 GHz
0.9 GHz
2.45 GHz
5 GHz
8.5 GHz
12.5 GHz
18 GHz

5.25 ± 2.58
5.25 ± 2.57
5.04 ± 2.61
4.63 ± 2.54
3.90 ± 2.42
3.17 ± 1.59
2.42 ± 1.39

3.35 ± 2.58
1.98 ± 1.49
1.42 ± 0.81
1.77 ± 0.97
2.14 ± 1.16
2.26 ± 1.38
2.15 ± 1.57

0.09 ± 0.08
0.10 ± 0.09
0.19 ± 0.12
0.49 ± 0.29
1.03 ± 0.65
1.57 ± 0.96
2.15 ± 1.58

Table 4.6: Difference between the dielectric properties of malignant and healthy tissues
particularized for discrete frequencies. Mean and standard deviation values.
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Figure 4.15: Probability densities of the differences in dielectric constant at 2.45 GHz (a), in
loss factor at 12.5 GHz (b) and in conductivity at 18 GHz (c).
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GHz and in conductivity at 18 GHz (0.018 vs 0.089 and 0.080, respectively),
and thus the likelihood of having positive differences is much higher in this
property.

4.4

Comparison with other studies

The electromagnetic properties of the healthy and the pathological colon tissues
obtained through the previous measurement campaigns are compared to previously published data from other sources (if their data are within our acquisition
frequencies). The gathered information is listed in the Table 4.7.
Source

Type

Frequency

Reference

Human
Human
Human
Ovine
Mice

H,M,P
H,M,P
H,M
H
M

0.5 - 26.5 GHz
0.5 - 20 GHz
500 - 900 MHz
10 Hz - 20 GHz
200 MHz - 5 GHz

This thesis
Guardiola [107]
Joines [51]
Gabriel [87]
Yoo [52]

Table 4.7: Sources of dielectric properties of colon tissues.
P=Pathological.

H=Healthy, M=Malignant,

The dielectric properties of healthy colon tissues gathered from the different
sources are represented in the Fig. 4.16. As one can observe, the properties
obtained from human biopsies and surgery samples of the present study have
very similar values. On the other side, the measurements performed in vivo in
porcine models have larger values, although keeping the same trend that the
other sources. These measurements are presented in the chapter devoted to in
vivo measurements (Chapter 3), and the properties are more than 11% higher
than the other ex vivo sources.
Regarding the other sources, the properties of healthy colon measured ex
vivo by Gabriel [87] have the same trends with frequency than ours, although
with lower values. The same could be stated for the measurements performed
by Joines [51]. On the contrary, the properties of healthy colon measurements
performed by Guardiola et al. do not follow the same trend than the rest of
the sources [107]. Two reasons can explain this divergence: firstly, they only
used a single pole to model the permittivity, which causes fitting errors at the
lower frequencies, especially in the dielectric constant since the effect of one
dispersion region is not model; secondly, the relaxation frequency that they
obtained was around 28 GHz, which is much higher than water’s and hence
it seems unrealistic. The latter can be due to possible measurement errors,
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Figure 4.16: Dielectric properties of healthy colon tissue measured in this thesis and in
literature: (a) dielectric constant, (b) loss factor.
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Figure 4.17: Dielectric properties of malignant colon tissue measured in this thesis and in
literature: (a) dielectric constant, (b) loss factor.

The dielectric properties of malignant colon tissues gathered from the different sources are depicted in the Fig. 4.17. As occurred with the healthy
colon, the properties obtained from human biopsies and surgery samples of
the present study have very similar values, although in this case surgery’s loss
factor is slightly higher. Again, an in vivo study showed higher values than

122

4.5 Conclusion

70

70
CRC
Adenoma HGD
Adenoma LGD
Adenoma
Hyperplasia
Healthy

50

60

Dielectric constant

Dielectric constant

60

40
30
20

50
40
CRC
Adenoma HGD
Adenoma LGD
Hyperplasia
Healthy

30
20

10

10
0

3

6

9

12

15

18

21

24

27

Frequencia (GHz)
(a)

0

3

6

9

12

15

18

21

Frequencia (GHz)
(b)

Figure 4.18: Dielectric properties of pathological colon tissue measured in: (a) this thesis
(biopsy samples), (b) Guardiola et al. [107].

our ex vivo campaigns, but keeping as well the trend of the properties with
frequency. The study of Guardiola et al. showed again an inconsistency with
respect to the rest of the studies [107]. Observing the raw measurements that
they performed on this kind of samples, it seems that in this case the strange
trend of the properties may be due to a bad fitting of the measurements.
The dielectric constants of pathological colon tissue of the present thesis
are compared to those presented in Guardiola et al. [107]. One can observe
immediately that our results are much more pessimistic for diagnostic purposes,
since the dielectric constants of most pathologies are almost identical. The only
significant differences can be found between healthy and CRC samples, as it
was exposed in Section 4.2.3, but these are anything comparable to the values
presented in [107].
Still, we consider that the results published in Guardiola et al. are not very
reliable. Colon is a high water-content tissue, and then it must have a large
dielectric constant. It should have similar values as the rest of the organs of the
gastrointestinal system and not like cartilage or skin, which have less content
of water, for instance. Even though the results presented by our study make
the development of a CRC detection application more challenging, they are in
agreement with the studies listed in Appendix A and with the rest of colon
sources presented previously, having thus higher credibility.

4.5

Conclusion

In this chapter is presented all the data concerning the dielectric properties of
colon tissues. Two different campaigns have been carried out, both of them
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aiming at obtaining the properties not only of healthy but also of cancerous
and pathological states. The first one consisted in measuring the electromagnetic properties of colon tissues obtained from colonoscopy procedures, whereas
in the second one tissues were characterized by taking samples from surgery
procedures.
In both experiments, the enhanced calibration with methanol was used.
Apart from the absolute dielectric properties of the tissues, the differences between healthy and malignant tissues (and pathological, when applicable) have
been analyzed, presenting the 2-pole Cole-Cole fitting coefficients computed
for each tissue type. In summary, potential applications of cancer detection
should find differences between both states (cancer and control) rather than
analyzing the properties of malignant samples independently. This is due to
the fact that absolute properties of colon tissue, either healthy or not, vary for
different reasons (patient itself, elapsed time between extraction and measurement, temperature and incineration of the system), affecting both states in a
similar way.
On the one hand, the healthy and the pathological biopsies from 71 patients have been analyzed within the first measurement campaign. Eight
colorectal cancer (CRC) samples, 13 adenomas without dysplasia, 29 adenomas
with HGD, 12 adenomas with LGD, 7 hyperplastic polyps and 2 hamartomatous polyps have been measured. In addition, a total pool of 250 healthy
samples has been measured as well. Results showed that, except for CRC samples, the dielectric properties of the pathological tissues were - in average almost identical to those of healthy tissues. Regarding CRC, the median
of the difference in dielectric constant between healthy and malignant tissues was higher at lower frequencies, being of 4.8 units at
ISM 2.45 GHz band. The differences in conductivity were lower than in
dielectric constant, and those increased with frequency. At 18 GHz, the median of the difference was of 2 units. However, it should be mentioned that the
variability of the results is quite high, due to factors like varying tissue dehydration rates between healthy and pathological samples, and small sample size.
Finally, selecting a threshold in the difference in dielectric constant between
cancer and control tissues that maximizes the performance of a CRC detection
system, the diagnostic markers are of 75%, 88.7%, 46.2%, 96.5% and 87.5% for
the sensitivity, specificity, PPV, NPV and GPV (accuracy).
On the other hand, a total of 20 paired samples from surgery samples
have been characterized. The differences calculated between healthy and
malignant tissues are in agreement with those obtained from the biopsies. The
difference in dielectric constants is higher at lower frequencies, with
a mean of 5.04 points. In this case, the variability is a bit lower than in the
case of the biopsies, probably because the size of the samples was higher and,
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then, tissue dehydration affected to a lesser extent. A Kolmogorov-Smirnov
test was applied on the dielectric data in order to find the distribution that
fits better the variability of the differences, being the logistic the best option.
Finally, results have been compared to other studies in which colon tissue has
been assessed, obtaining similar values to those presented in Gabriel’s database,
the most widespread one.
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Chapter 5

Proposed systems for colon
cancer detection
This chapter aims at presenting two approaches of colon cancer detection system based on making use of the electromagnetic differences presented in the
previous chapter. The first approach involves analyzing biopsies right after
their removal, similarly to the manner in which biopsies were characterized in
Section 4.2 but with a few modifications. The second approach involves designing a flexible sensor capable of measuring colon tissues both in vivo and
in situ. Among other features, the sensor must be large and thin enough to
be embedded into a channel of a colonoscope. Before presenting these two approaches in higher detail, an alternative calibration that facilitates the use and
the implementation of both systems is explained.

5.1

Introduction

As explained in Chapter 1, population screening programs are of huge importance to detect and diagnose cancer. If cancer is found soon, the survival
probability increases and treatments can be less expensive. CRC screening
tests can be classified into two main groups: invasive and non-invasive.
Colonoscopy and flexible sigmoidoscopy are the invasive tests available for
CRC detection. These tests allow direct observation of the colonic wall. Nowadays, colonoscopy is the primary screening tool in many countries. This technique allows not only detecting cancerous tissues or other pathologies, but also
offers the possibility of resecting some lesions or at least estimate their locations for a future surgery. Although being quite safe, this technique require
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previous patient preparation and sedation. Some studies have estimated that
the CRC mortality of people that go through a colonoscopy procedure is reduced between a 68% and an 88% with respect to people that do not [119–121].
However, it is worth mentioning that depending on the size of the polyps and
the expertise of the medical doctor, some lesions may not be detected. Many
technological advances have been made throughout the last years in order to
optimize the detection of precursor lesions, mostly focused on improving the
quality of the images of the colonoscopy or applying some processing over them.
Examples of these techniques are High definition Colonoscopy (HC), Narrow
Band Imaging (NBI), or Flexible Imaging Color Enhancement (FICE), to name
a few [122].
The flexible sigmoidoscopy is quite similar to colonoscopy. It consumes less
time than the colonoscopy and requires fewer patient preparation, although it
is not as used as colonoscopy since it only examinates about one third of the
colon.
The non-invasive tests include stool, blood and radiological tests include
[123]:
• Gualac-based Fecal Occult Blood Test (gFOBT). This economic
test is performed to detect the presence of blood in faeces through a
chemical reaction. Its use is being discarded by some countries since
their results are not optimal, mainly because its results can be affected
by patients diets. Its sensitivity for CRC detection may be approximately
a 50% [124], being some reports that even reduce this value [125]. This
test can miss many polyps and some cancers, and in case of abnormal
results a colonoscopy needs to be performed.
• Fecal Immunochemical Test (FIT). This test is similar to gFOBT,
but with the advantage that its results are not as compromised by patients
diets because of the nature of the chemical reaction. The sensitivity and
specificity of this test are around the 79% and the 94%, respectively [126].
This test can miss many polyps and some cancers, and in case of abnormal
results a colonoscopy needs to be performed.
• Stool Deoxyribonucleic Acid (DNA) tests. These tests aim at finding abnormal DNA malignancies in stool. A study performed on 10 000
patients comparing FIT and Cologuard R DNA test using colonoscopy
as the gold standard showed that DNA tests had higher a sensitivity
(92% vs 74%), but lower specificities (88.5% vs 95.5%) [127]. The big
disadvantage of this test is its low capacity to detect advanced adenomas
(42%). This test can miss many polyps and some cancers, and in case of
abnormal results a colonoscopy needs to be performed.
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• Methylated SEPT9. The presence of abnormalities of the gene SEPT9
in blood is being investigated as an indicator for CRC. In the review
performed by [128], the sensitivity and specificity of using this marker
is currently around 71% and 92%, respectively. For now, this test can
miss many polyps and some cancers, and in case of abnormal results a
colonoscopy needs to be performed.

• Double Contrast Barium Enema (DCBE). It uses barium to outline the colon on a x-ray, and requires a previous patient preparation.
It is being discarded because of its low sensitivity [123]. This test can
miss many polyps and some cancers, and in case of abnormal results a
colonoscopy needs to be performed.

• Computed Tomographic Colonography (CTC). Also known as
virtual colonoscopy, it is a radiographic test without need of sedation
but with the same patient preparation as colonoscopy. Its sensitivity is
estimated in 66.8%, whereas its specificity is around 80.3% [123]. Its
capacity to find large polyps is similar to colonoscopy, but is lower to
detect polyps lower than 8 mm. This test can miss small polyps, and in
case of abnormal results a colonoscopy needs to be performed.

• Capsule endoscopy. It is a procedure that consists in swallowing a
capsule with a camera that transmits images of the digestive tract. Its
detection capabilities are similar to colonoscopy when polyps are larger
than 6 mm [129], and has a slightly higher performance than CTC [130].
As CTC, a previous patient preparation is required and in case of abnormal results a colonoscopy needs to be performed.
In this chapter, we aim at proposing two applications based on the openended coaxial system that aid in the detection of CRC. These systems would
work jointly with colonoscopy procedures, and thus the overall performance
of this technique could be improved as it would rely not only on a visual
examination, but also on the dielectric spectroscopy of suspicious tissues. As
it has been shown, non-invasive tests are not as accurate as colonoscopy, and
even if some anomalous marker is found a colonoscopy should be carried out
anyways. Hence, improving this procedure - not only by means of enhancing
the quality of the images - can provide larger benefits rather than developing
an independent detection method.
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5.2

Alternative calibration of the system

The enhanced calibration used so far, although quite accurate, is too complex
to be used in a medical environment. Calibrating with air and a mechanical
short circuit could be done without major problems, but measuring distilled
water and methanol could compromise the performance of the whole system.
On the one hand, medical experts may not have those liquids always available
at their facilities. On the other hand, calibrating with liquids require checking
that air bubbles are not present at the sensor’s end. In addition, the current
calibration takes too much time, making it less suitable for being used during
a medical procedure, and most importantly for an in vivo approach, a sterile
condition cannot be kept in this manner.
The alternative calibration proposed in this section is quite simple to execute as it only requires measuring the reflection of two elements: air and a
healthy colon. The use of this calibration (hereinafter referred to it as “alternative calibration”) has some implications that should be evaluated carefully. On
one hand, the enhanced calibration proposed in Section 2.3.1 requires measuring four known elements, whereas the alternative calibration needs measuring
only two. This fact by itself implies that the system will be less accurate.
Towards the end of Section 2.3.1, it was exposed that the term Gn can be neglected if the system is not radiating (i.e., Gn = 0). Even so, an extra reference
is needed, and for this reason an approximation of the reflection of a short circuit will be used. On the other hand, the dielectric properties of colon tissues
vary among patients because they depend on factors such as the calibration
accuracy, the temperature of the environment and the patient itself. Hence,
relating any measurement of healthy colon tissue to a fixed permittivity adds
a certain amount of error that has to be evaluated. As exposed in the previous
chapter, the absolute values of the properties of colon tissue are not as important as the difference between the dielectric properties of the pathological and
the control (healthy) sample. It must be checked if these differences are kept
by comparing the performance of both calibrations.

5.2.1

Short circuit approximation

The possibility of using an approximation of the reflection caused by a short
circuit in the sensor’s end instead of measuring a physical one is evaluated. This
approach greatly simplifies the calibration procedure, as any additional physical
element is needed to carry it out. However, it adds an extra uncertainty to the
obtained results. After measuring the reflection coefficients of both open circuit
(air) and short circuit during the realization of this thesis, we observed that
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Figure 5.1: Simulation setup for evaluating the performance of an open-ended coaxial sensor
with a short circuit at its end.

their modules are almost identical, despite the fact that air has a permittivity
of r = 1 + 0j whereas a short-circuit has ideally an infinite permittivity.
The relationship between the reflection coefficients of both standards has
been investigated through electromagnetic simulations performed on CST (Computer Simulation Technology) Microwave Studio. To this end, an open-ended
coaxial probe has been simulated considering both standards at its end. We
have selected Keysight’s N1501A slim form probe as the simulated sensor since
it has been the most used one for measuring within the framework of the current thesis. The dimensions of the different layers were taken from [131]: a
coaxial cable of 20 cm considering an external conductor with a diameter of
2.16 mm, having center conductor and insulator diameters of 0.51 mm and
1.68 mm, respectively. The simulated model can be seen in the Fig. 5.1, with
a cylinder at its end that simulates a short circuit (i.e., a perfect conductor
with a diameter of 5 cm and 2 mm of width). Simulations were performed
within the 0.5 - 26 GHz band, the same bandwidth evaluated throughout the
framework of the present thesis, considering a high accuracy simulation mesh
(around 42.5 million cells for simulating the setup).
The reflection coefficients obtained after simulating the probe with both
air and short circuit at its end are represented in the Fig. 5.2. One can
observe that the module of both reflection coefficients is almost identical at all
frequencies. However, it is trivially noticed from the remainder plots that their
real and imaginary components are shifted by 180 degrees. These other views
of the reflection coefficients are represented just up to 8.5 GHz in order to show
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Figure 5.2: Simulated reflection coefficient of air and a short circuit: (a) module in dB, (b)
phase in degrees, (c) real part, (d) imaginary part.

better the effect of sweeping both standards, since the trends are kept at upper
frequencies.
Therefore, the proposed approach consists in measuring the reflection caused
by the air and then change its sign in order to obtain an approximation of the
short circuit. Using directly the reflection returned by simulations is not a
viable option since, in reality, reflections are affected by several factors: temperature of the environment (as the electromagnetic response of the insulator
of the sensor changes it), manufacturing defects of the sensor, performance of
the VNA etc. The reflection caused by the MUT would be affected by these
factors as well, so they should be considered in the calibration procedure in
order to minimize their effect on the results.
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5.2.2

Assessment of the alternative calibration

As aforementioned, the alternative calibration adds more uncertainty with respect to the enhanced calibration with methanol due to three reasons: less
calibration standards are used, an approximation of short circuit is used instead of measuring a real one and the measurement of the reflection of healthy
colon tissue is related to a permittivity that is not its real one. However, the
key idea is to keep the differences between the properties of the pathological
and healthy colon samples within a patient rather than obtaining an accurate
value of the absolute properties.
In the remainder of this section, we evaluate whether the differences are
either kept or not with respect to the enhanced calibration. To this end, the
data collected from the campaign of surgery samples is utilized. Thanks to
the fact that the reflection coefficients captured by the measurement system
were stored (i.e., the S11 of the calibration standards, the healthy and the
cancerous samples are available), we can obtain the permittivity returned by
the alternative calibration mathematically. The unknowns A1 , A2 and A3 of
the Eq. 2.8 are computed by solving a system of three equations with three
unknowns, as it can be seen in the system of equations 5.1 (with Gn = 0).
For setting up the system of equations, short’s S11 is substituted by open’s but
in opposite sign, whereas the average permittivity obtained for healthy colon
tissue is used as the reference value (presented in the Table 4.5).


S11 open = A2 + A3


A1 + 1







A2 + A3 short
−S11 open =
(5.1)
A1 + short








A2 + A3 healthy


S11 healthy =
A1 + healthy
The estimated permittivity of cancerous tissues is computed, after recalibrating with the alternative method. In the Table 5.1 are listed the dielectric
constants of seventeen of the twenty paired samples computed with both the
enhanced and the alternative calibration (the reflection coefficients of the first
three paired samples were not stored and thus could not been calculated with
the alternative calibration). Values are presented for f = 2.45 GHz, since as already mentioned in the previous chapter the larger differences in this property
are found in the lower frequencies. Selecting this frequency also accounts for
the fact that it belongs to an ISM band, meaning that future cancer detection
systems could be designed to work at this specific frequency.
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Patient

Enhanced calibration
0healthy 0malignant
∆0

Alternative calibration
0healthy 0malignant
∆0

1

48.55

55.19

6.64

-

-

-

2

51.01

61.53

10.52

-

-

-

3

54.50

57.86

3.36

-

-

-

4

56.12

61.01

4.89

52.11

56.11

4.00

5

50.83

51.94

1.12

52.11

53.51

1.39

6

55.51

58.08

2.57

52.11

54.27

2.15

7

51.67

56.46

4.79

52.11

57.52

5.41

8

53.05

59.40

6.34

52.11

57.90

5.79

9

51.38

56.44

5.06

52.11

56.43

4.32

10

54.86

60.50

5.64

52.11

58.10

5.99

11

52.95

58.43

5.48

52.11

58.51

6.39

12

55.66

59.82

4.16

52.11

55.98

3.87

13

51.63

54.45

2.83

52.11

54.42

2.31

14

49.56

55.25

5.69

52.11

58.38

6.26

15

44.67

54.69

10.02

52.11

63.09

10.98

16

49.40

55.64

6.24

52.11

58.77

6.66

17

50.43

58.03

7.60

52.11

60.40

8.29

18

50.52

55.79

5.27

52.11

57.91

5.80

19

58.20

58.88

0.70

52.11

53.04

0.92

20

52.04

55.11

3.07

52.11

54.73

2.62

Table 5.1: Dielectric constant of healthy and malignant colon tissues and the differences
between them at f = 2.45 GHz, with both the enhanced and the alternative calibration.

One can observe that the differences in dielectric constant between both
malignant and healthy states are kept quite well using the alternative calibration. The larger discrepancy was obtained in patient 15, and this could be
explained by the fact that the true dielectric constant of its healthy tissue (the
one obtained with the enhanced calibration) differ greatly from the average
one, almost eight units. Hence, the alternative calibration is relating the reflection of this tissue to a value that differs too much with respect to its actual
one. In general, taking the difference obtained with the enhanced calibration
as reference, the absolute error committed at computing the difference between
both states with the alternative calibration is below to one unit. Although it
seems small in absolute terms, this error is not negligible since it would add
a significant amount of uncertainty in the performance of a cancer detection
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Figure 5.3: Box and whisker diagram of the error committed at computing the difference
between malignant and healthy surgery samples with the alternative calibration.

application. A summary of the error committed is presented by means of a box
and whisker diagram in the Fig. 5.3, having a median of -0.28 units.

5.3

Detection system of analysis of biopsies

The dielectric characterization system, as conceived in Chapter 2, is an accurate
solution to find the electromagnetic properties of biological tissues. However,
it has some drawbacks that makes it unsuitable for being used in a medical
environment:
1. The system is quite big and requires of two connectors and a coaxial cable
to connect the VNA with the sensor, hampering both the set-up and the
storage of the system in an endoscopy room.
2. Since there is a flexible cable in the system, additional care must be taken
since moving this element could compromise the measurements.
3. Calibrating with liquids is not an easy task. On one hand, the presence
of air bubbles at the sensor’s end during the calibration can compromise
the performance of the system. On the other hand, distilled water and
methanol may not be at disposal of the medical experts.
The issues related to the calibration procedure can be minimized by using
the alternative calibration proposed in the previous section. With the aim at
solving the other problems, the size of both the current sensor and the VNA
should be reduced. For instance, the VNA can be substituted by a frequency
reflectometer (1-port VNA) and a much smaller and thinner sensor could be
used, like those shown in the Fig. 5.4. Ideally, with the aim of facilitating
both the setup and the use of the system, all the elements should be embedded
within a single equipment.
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Figure 5.4: Elements considered to reduce the size of the dielectric characterization system:
Reflectometer (left) and thin sensor (right).

Currently, the reflectometers commercially available work only up to 6 or
14 GHz depending on the manufacturer, although this would not be a problem since we confirmed in the previous chapter that the larger differences in
dielectric constant between malignant and healthy tissues appear far below
those frequencies. In addition, the shorter the sensor, the better, as the system
would become even more compacted. Using these sensors has the additional
advantage of allowing the measurement of much smaller biopsies.
As performed with the surgery samples in the previous section, the alternative calibration can be applied to the data gathered for biopsies and then
analyze how it would affect the results. The box and whisker plot of the difference in dielectric constant between pathological and healthy tissues at f = 2.45
GHz is presented in the Fig. 5.5, with the results acquired with the alternative
calibration in contrast to those presented in the Fig. 4.9 that were obtained
with the enhanced one.
The boxes are almost identical than those computed with the enhanced calibration with methanol, with some minor discrepancy in the median value of
adenomas with HGD. In fact, the values of the detection markers presented in
Section 4.2.4 (i.e., sensitivity, specificity and predictive values) remain identical considering both calibrations, if the detection threshold in the difference in
dielectric constant between the suspicious and the healthy (control) sample is
kept at 3.1 units. As performed in the previous section with the surgery samples, the committed error at computing the difference of the dielectric constant
with the alternative calibration is presented in the Fig. 5.6. Since both the
inferior and superior limits of the box are closer to zero, one can notice that
the error committed by the alternative calibration in biopsies is lower than in
surgery samples. In this case, the committed error has a median of -0.08 units,
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Figure 5.5: Box and whisker diagram of the difference in dielectric constant between pathological and healthy tissues at f = 2.45 GHz, with the alternative calibration.
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although the whiskers (or extreme differences) are similar between both colon
sample sources.
The combined uncertainty presented in Section 2.3.3 is no longer valid since
a new source of uncertainty has been added. The new total uncertainty could
have been assessed with the surgery data in the previous section, although
we have used the data from biopsies since the pool of measurements is four
times higher and then the uncertainty can be analyzed with more accuracy.
Therefore, we have used the error caused by the alternative calibration at computing the differences in dielectric constant between healthy and pathological
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Frequency
Band

(1)

(2)

(3)

(4)

Combined
uncertainty

0.5 - 10 GHz
2.45 GHz

0.61
0.39

0.40
0.26

0.05
0.05

17.04
17.91

17.05
17.91

Table 5.2: Values of uncertainty in percentage terms of the relevant parameters averaged for
three spectrum regions.

tissue and combined it with the rest of sources as explained in [83], excluding
the uncertainty related to cable movements as this system is intended to be
completely rigid.
The new uncertainty source has been treated like a source of random errors
with normal distribution, as the mean error is almost zero and the probability
density seems to follow that distribution after observing the histogram. Thus,
the SDM of the errors caused by this calibration has been taken as the uncertainty component, and then it has been combined with the rest of sources. The
updated system uncertainty is presented in the Table 5.2, being component
number 4 the one related to the alternative calibration (whereas 1, 2 and 3
are related to system’s repeatability, systematic error due to calibration and
methodology and drift with time). We have presented only the uncertainty
in the difference of dielectric constant of the lower band, as the CRC detection application would work at these frequencies - likely at 2.45 ISM band. It
should be noticed that the uncertainty related to the enhanced calibration with
methanol is kept as the difference is computed with data that also contains that
source of uncertainty.
As expected, the alternative calibration adds a huge amount of uncertainty,
being the only significant source to the combined uncertainty. This uncertainty
is mainly due to the reference taken for the healthy tissue, as it can deviate
greatly from the real value from a particular patient and location. In summary,
the difference obtained between the dielectric constant of suspicious and healthy
tissue obtained has an uncertainty of almost a 20%, which has to be accounted
in the diagnosis. For instance, selecting a threshold of 3.1 units in the difference
at 2.45 GHz, the uncertainty region would extent from 3.1 ± 0.62, meaning that
from 2.48 units suspicious samples should be considered as malignant for further
analysis in anatomical pathology unit.
The implementation of this solution is rather simple, being essentially a task of selecting smaller components and a sensor with
a smaller diameter. Ideally, a short sensor could be embedded within the
reflectometer, having thus a single piece of equipment. The application of control and diagnosis could be implemented for tablet Android devices, enabling
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the possibility of managing the reflectometer wirelessly and avoiding then the
presence of annoying extra cables.

5.4

Detection system embedded into a colonoscope

One of the objectives behind the development of this thesis is presenting a
system capable of increasing the CRC detection capability of colonoscopy procedures. The previous approach is based on of measuring biopsies right after
their removal, analyzing the differences in dielectric constant between a healthy
sample and a suspicious one. This second approach goes a step beyond that
one. It makes use of colonoscopes with two working channels, the first one for
the usual endoscopy tools (like biopsy forceps) and the second one for embedding the dielectric probe. This system has the following challenges:
• The dielectric probe (or sensor) has to be both flexible and large. Besides, it needs to have an outer diameter lower than that of the working
channel of the colonoscope, which generally vary from 2.8 mm to 3.8 mm
depending on the considered model.
• The sensor must be watertight. The sensor’s end should not let any kind
of leakage into the coaxial, since it can affect to its performance.
• Possibility of sterilization. Ideally, the prototype should be capable of
bearing a sterilization process so it can be used in many colonoscopy procedures. Single-use sensors could be an alternative, but it would require
them to be more economic and then they might not have enough phase
stability against bendings.
• The sensor should comply with the biocompatibility regulation. As it is
going to be in brief contact with living human tissue, the materials of the
coaxial end should comply with current regulation.
• The calibration cannot be performed prior to the insertion of the sensor
in the colonoscope, since bendings alter the performance of the cable and
thus calibration would not be valid after them.
• The electromagnetic differences computed between healthy and malignant colon samples may not be valid. Research should be performed at
in vivo conditions.
Achieving a watertight, sterilizable and biocompatible sensor with such a
small outer diameter is a challenging task. The conductors and the insulator of
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Figure 5.7: Instance of an autoclave for carrying out steam sterilization.

commercially available flexible coaxial cables are generally made of copper and
Polytetrafluoroethylene (PTFE). Unlike the dielectric, copper is not usually
considered biocompatible. However, those cables in which copper is silverplated may fulfil the minimum biocompatibility requirements, as the contact
with human tissues lasts a few seconds. Besides, watertightness is not achieved
with those cables. The external conductor is braided in order to grant an
acceptable degree of bending, and this braiding can cause leakages of body
fluids that alter the performance of the sensor with time. For this reason,
sealing the coaxial end as performed in [132] is necessary. Moreover, preventing
the leakage of body fluids would facilitate the cleaning of the sensor and its
later sterilization. Sterilization could be performed using steam sterilization
(i.e., using an autoclave like the one shown in the Fig. 5.7), chemical or dry
heat methods etc.
The greater advantage that provides the alternative calibration is the possibility of calibrating with the sensor already embedded within the working
channel of the colonoscope, since liquids nor short circuits are needed in this
procedure. This calibration, despite it increases the uncertainty of the results,
solves the issues that an external calibration involve. Still, moving the sensor
also involves an increase of the measurement error - and it will have to be moved
from the calibration position (control tissue) to the location of suspicious ones.
The reflection of a coaxial sensor depend not only on the material placed at
its end, but also on the losses that appear within its whole length. The error
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correction procedure included in the calibration (see Section 2.3.1) translates
the measurement plane from the VNA port to the coaxial end, meaning that
the losses from the path are compensated. However, when moving the colonoscope and the sensor, their bendings and thus their losses change, altering the
performance of the calibration. Therefore, the distance that the sensor can
be moved from the calibration position must be evaluated for any potential
flexible prototype, reminding that this distance will vary depending on their
phase stability against bendings.
Before implementing this solution, the study of the dielectric properties of
healthy and malignant colon human tissues should be performed again, but
at in vivo conditions. Properties are expected to increase, as ex vivo tissues
are influenced by tissue dehydration, lack of blood perfusion and change of the
temperature, among other factors during their handling [89]. However, measuring human colon tissue in vivo is a challenging task since they could be
accessed only during surgery procedures. Surgeries are critical procedures in
which risks should be minimized, making this kind of studies unfeasible to be
carried out. An alternative that some authors have explored is the possibility
of using mouse xenograft models. It consists in transplanting human tumour
into immunocompromised mice, as they will not reject human cells [133]. These
models are usually used for testing cancer therapies, although there are studies
in which these subjects have been used for cancer dielectric characterization
[52, 134]. It should be reminded that healthy human colon tissue should be
characterized in vivo as well in order to have a better reference for the alternative calibration.
This second approach is technologically more challenging to implement than
the first one, mainly due to the several features that the coaxial sensor must
possess. On the other hand, it has two major advantages over the first system:
it can prevent performing some biopsies, and results are not influenced by the
issues (dehydration, elapsed time, size...) related to ex vivo tissues.

5.4.1

Mechanical performance

The fact of using a bended open-ended coaxial sensor do not restrain the obtainment of the permittivity of a material from the gathered reflection. However,
since the sensor has to be large enough to cover the entire colonoscope length
and be connected to the VNA, movements or minor bendings after the calibration procedure can alter the relationship between reflection and permittivity.
In this section, we present the measurements performed with a flexible prototype of an open-ended coaxial sensor with the aim at assessing how movements
or bendings after calibrating affect the gathering of the permittivity of a colon
tissue.
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Figure 5.8: Flexible coaxial sensor considered.

The flexible sensor considered is presented in the Fig. 5.8. It is a 3 meter
coaxial cable of the model Storm Flex R 086 from Teledyne Storm Microwave,
having a SMA connector on one end and finished cut flat on the other. Its small
outer diameter, 2.2 mm, made it suitable to fit inside the working channel of a
colonoscope. This cable was considered due to its good phase stability against
bendings, although more stable cables are commercially available.
The experiments consisted in measuring the inner colon tissues of porcine
specimens in vivo using the flexible sensor, after performing a colonoscopy on
them. Two were the main objectives of the trials. On the one hand, we wanted
to assess whether the technique had enough repeatability for being used as a
detection method. Essentially, we needed to know if measuring healthy tissues
we obtain the same permittivity values, or how much can the sensor be moved
from the calibration position for characterizing tissues. On the other hand,
we aimed at evaluating if the method was comfortable enough for the medical
experts, and how could we improve this process. It should be highlighted that
no cancer was present on the specimens, and thus the detection capability by
itself could not be assessed.
For the fulfilment of these goals, the software application presented in Section 2.3.4 needed some modifications:
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• The alternative calibration was implemented, due to the reasons commented previously.
• The software was adapted for running in Android tablets, facilitating its
use through the simplification of options.
• The application was able to be connected to the VNA wirelessly, reducing
the inconveniences of having additional cables in the surgery room.
Measurement protocol
Two photographs of the experiments are presented in the Figs. 5.9 and 5.10.
The procedure followed for performing the measurements is listed down below.
Three different trials were done, and the differences among them are commented
as well.
• The VNA was turned on two hours before the trial. Once started, the
animal is sedated prior to the colonoscopy.
• A colonoscopy was performed on the animal specimen. The large intestine
of porcine specimens has spiral shape, in contrast to humans’ which it
has a shape of a reversed “u”. Due to the great curvature present, only
70 cm of endoscope were entered instead of the whole device.
• The sensor is inserted through the working channel of the colonoscope,
preventing it from going out by the opened end of the colonoscope (e.g,
the sensor is inserted up to around a centimetre from this edge).
• The alternative calibration starts, measuring the reflection at that position (air reference). Once captured, the sensor is moved forward until
touching colon tissue, and then its reflection is captured (healthy reference). To achieve this, the medical expert made use of the video provided
by the inner camera of the colonoscope, as one can see in the Fig. 5.10.
• On the first trial, the colonoscope (and the sensor with it) was moved
backwards in steps of approximately 2.5 cm from the calibration procedure. On the second trial, the step was reduced to 1 cm, again moving
backwards from the calibration position. Finally, the last trial consisted
in moving the sensor within a circle of 1 cm of radius from the calibration
position.
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Figure 5.9: Instance of the experiment. The medical expert controls the sensor while looking
at the screen that shows the real time video of the camera of the colonoscope.

Figure 5.10: Instance of the experiment in which are shown both the video captured by the
camera of the colonoscope and the developed software.
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Results
In this section the mechanical assessment of the detection system embedded
within the colonoscope is exposed. It should be highlighted that the assessment
is particular for the flexible coaxial considered as a sensor, meaning that with
other cables results would have been different to a greater or lesser extent. The
alternative calibration was used, but using an in vivo permittivity of healthy
colon tissue as reference instead of those computed from the ex vivo experiments. This reference was obtained from the in vivo experiment that will be
detailed in the following section.
The results of the first trial are presented in the Fig. 5.11. They are presented up to 12.4 GHz despite the fact that measurements were carried out
up to 26.5 GHz since the SMA connector of the sensor had this maximum
frequency of operation. As it can be seen, when the sensor within the colonoscope is moved backwards (this is, part of the colonoscope is pulled out), the
dielectric properties of healthy tissues change. The more the cable is pulled
out, the greater the differences with the reference position are. The change in
dielectric constant at 2.45 GHz when the distance from the calibration position
is of around 2.5 cm is of 0.57 units, which could be acceptable. In this particular trial, the changes when moving backwards around 5, 7.5 and 10 cm were
of 1.05, 3.18 and 4.80 units, respectively.
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Figure 5.11: Dielectric constant of the measurements made with the detection system embedded within the colonoscope, moving backwards in steps of 2.5 cm from the calibration
position.
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Looking at the figures, one can observe that moving backwards 5 cm adds
to much uncertainty. Despite in this case the change at 2.45 GHz was not very
high, it was just a coincidence looking at the changes occurred in the rest of
frequencies. Moving more than 5 cm is completely discarded, at least with the
considered sensor.
The results of the second trial, in which the sensor was moved backwards in
steps of 1 cm, are depicted in the Fig. 5.12. It can be seen again the tendency
that greater distances from the calibration position implies higher differences
from the reference healthy. At 2.45 GHz, the changes in dielectric constant were
of 0.67, 1.40, 0.65, 1.25, 2.03 and 2.82 when moving backwards 1, 2, 3, 4, 5 and
6 cm, respectively. Although changes are not very large, even the changes when
moving 2 cm are significant, giving the magnitude of the differences in dielectric
properties between healthy and malignant colon tissues. Hence, only distances
equal or below 1 cm from the calibration position should be considered for this
application, at least with this flexible sensor, since the uncertainty with higher
distances is unbearable.
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Figure 5.12: Dielectric constant of the measurements made with the detection system embedded within the colonoscope, moving backwards in steps of 1 cm from the calibration
position.

Lastly, the results of the third trial are represented in the Fig. 5.13. In this
case, the dielectric constants are very close to that of the reference. At 2.45
GHz, the differences were of 0.34, 0.23, 0.71, 0.61, 0.56 and 2.48 units. The
discrepancy of the last result seems due to an error during the measurement,
given the disparity with the rest of the values. This trial confirms that the flex-
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Figure 5.13: Dielectric constant of the measurements made with the detection system embedded within the colonoscope, moving within a circle of approximately 1 cm of radius from
the calibration position.

ible sensor utilized could be used for measuring up to 1 cm from the calibration
position.
This experiment has confirmed that the detection system embedded into a
colonoscope can provide enough repeatability to be developed in further depth,
if the restrictions in movement are respected. The results presented are particular for the coaxial cable selected, and they could be improved or worsened
with other models. For instance, if flexible coaxial cables of High Speed Interconnects are selected as sensors, results could be more accurate given its
excellent performance regardless of the bending degree that it undergoes (on
the other hand, this model is much more expensive).

5.5

Testing tools

Due to obvious reasons, testing prototypes of these applications directly on
human subjects is not feasible, at least until their final stage. Still, there are
two different approaches for testing prototypes of the applications presented in
the previous sections. The first one is based on making use of animal models
for testing specific features of the applications, whereas the second is related
to the use of electromagnetic phantoms.
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Two kinds of trials can be performed with animal models. On the one hand,
human colon samples (healthy, pathological and cancerous) can be cultivated
for testing the detection capabilities of the systems, as samples from human
subjects are scarce and difficult to gather in large volumes. As aforementioned,
it could be done by means of the xenograft model, enlarging greatly the number
of available samples and enabling as well the possibility of measuring in vivo.
On the other hand, the mechanical performance of the second proposal (the
one embeddable in the colonoscope) can be assessed in larger animal subjects,
like porcine models.
However, animal experimentation is rather expensive and it is subjected to
rigorous ethical constrains, which implies that researchers cannot make use of
them continuously. A feasible alternative is the employment of electromagnetic
phantoms. These are materials that mimic the electromagnetic properties of biological tissues, and depending on their manufacture they could also imitate the
shape and even the texture of biological tissues. Thanks to a parallel research
performed between our research group at the Institute for Telecommunications and Multimedia Applications (ITEAM) and the Centre for Biomaterials
and Tissue Engineering (CBIT), both under the umbrella of the Universitat
Politècnica de València (UPV), an intensive work for developing tissue phantoms has been carried out [135]. These phantoms have been developed using
polar liquids, distilled water and salts as main ingredients. A proper relationship among the quantities of these materials can provide an outstanding
imitation of the electromagnetic properties of tissues for very wide frequency
bandwidths. For instance, the properties of cancerous and healthy colon tissue
obtained in the surgery measurements of the previous chapter have been imitated with liquid phantoms obtaining great accuracy [136], as one can observe
in the Fig. 5.14. The composition of these phantoms is listed in the Table 5.3.
Despite the great use that these liquid phantoms may have for other systems, the proposed applications need of solid or semi-solid ones for being usable
as testing tools. For this reason, a gelification procedure of the liquid phantoms
is being carried out. Novel synthetic hydrogels that imitate some particular tissues have already been presented [137]. One key advantage of these hydrogels
is the possibility of conforming them with specific shapes. They could be potentially used to design a synthetic colon wall that has both the shape and

Tissue

Phantom composition

Colorectal cancer CRC
Healthy colon

42% Acetonitrile, 1% NaCl
48.5% Acetonitrile, 3% Ethanol, 1% NaCl

Table 5.3: Phantom composition to fit the permittivity of the surgery samples.
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Figure 5.14: Permittivity of the colon surgery measurements and of the electromagnetic
phantoms.

the electromagnetic properties of the tissue, even with spots with cancerous
properties.

5.6

Conclusion

This chapter aims at proposing two applications for colorectal cancer detection that aid during colonoscopy procedures. Both solutions require a
colonoscopy, being thus complementary to this procedure rather
than independent ones. The first approach involves analyzing colonoscopy
biopsies right after their removal, in ex vivo conditions. The second approach is
related to embedding a flexible coaxial sensor within the colonoscope, enabling
an in vivo analysis.
Before exposing both proposals, an alternative calibration for these systems
has been explained. This calibration has three goals, aiming at facilitating
the implementation of the proposed systems in medical environments: avoid
the use of liquids, simplify the process and reduce the calibration time. It
consists in calibrating just with air and a measurement of healthy colon tissue,
emulating a short circuit from the measurement of air. Besides, using the data
from the ex vivo surgery campaign, we have compared the differences between
the properties of healthy and malignant tissues obtained with this alternative
calibration and with the enhanced one. Results showed that this calibration
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adds an extra amount of uncertainty that should be respected, since it changes
these differences with a median of 0.53 units (always below that one unit).
The first approach is a simplification of the system used so far, not only
in the calibration procedure but also in the size of its components. It involves
using a much shorter and thinner sensor, allowing characterizing samples with
a lower size, as well as utilizing a reflectometer instead of a bigger VNA. Taking
the data from the ex vivo biopsies campaign, the alternative would change the
difference between cancer and control tissues only with a median of 0.22 units,
and almost always less than a unit. In fact, with this calibration, the diagnostic
performance of the system (i.e., sensitivity, specificity and predictive values)
would remain identical. This system would be used in the endoscopy room,
within less than a minute from tissue extraction, with the main objective of
discarding polyps that the medical expert already thought were not cancerous.
The second approach involves adapting the open-ended coaxial system to
be embeddable into the working channel of a colonoscope. A flexible sensor is
needed, requiring additional features such as watertightness, sterilization and
biocompatibility. This solution is based on measuring a sample of healthy colon
tissue adjacent to the suspicious ones, and if the differences between both states
are great enough it could be due to the presence of cancer. However, before
its potential deployment in real conditions, the dielectric properties of healthy,
malignant and pathological colon human tissues must be characterized at in
vivo conditions, since the differences presented in the previous chapter may not
remain identical.
The mechanical performance of a preliminary system based on the latter
approach was tested in an almost real environment. The idea of the experiment
was to evaluate the conditions in which the permittivity of healthy colon remained almost constant from the calibration position (considering the alternative method). To this end, a colonsocopy was performed on porcine specimens,
introducing a flexible sensor by the working channel of the colonsocope. Then,
three set of trials were performed. In the first one, the permittivity was measured in backward steps of approximately 2.5 cm from the calibration position.
Results showed that only in the first measurement the permittivity obtained
was acceptable. The second trial was identical, just changing the steps to
around 1 cm. Results showed that going more than 1 cm further from the calibration position was not recommended. The third trial, in which measurements
were performed within a circle of 1 cm of radius from the calibration position,
supported the previous conclusion. This campaign showed that, with the
coaxial cable considered as sensor, the cancer detection application
embedded within a colonoscope should be calibrated in a healthy tissue located next to the suspicious tissues, ideally not longer than 1
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cm. This restriction could be relaxed considering a cable with higher stability
against bendings.
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Chapter 6

Conclusions and future
work
This dissertation has been focused on investigating the electromagnetic properties of biological tissues for two major objectives. The first goal involved
developing a new collection of electromagnetic properties of biological tissues
measured in vivo. The currently available databases are limited mainly in the
number of characterized tissues, although there are other issues related to the
characterized frequencies and animal species chosen.
Measurements have been carried out on tissues from the thoracic and abdominal tissues of porcine specimens, making use of the open-ended coaxial
technique within the 0.5 - 26.5 GHz band. This technique is based on translating reflective measurements performed with a VNA into electromagnetic
properties. To this end, a previous calibration to relate measurement with
properties has to be performed. In the framework of this thesis, we have found
out that adding methanol to the typical calibration (i.e., using just air, a short
circuit and distilled water) enhances significantly the accuracy of the technique.
It has been shown that, if measured in vivo, tissues tend to show greater properties than in ex vivo conditions.
Besides, the second objective was related to present potential applications
that aid in the detection of CRC based on the differences that appear in the
electromagnetic properties between healthy and malignant tissues. Prior to
proposing any application, the electromagnetic properties of healthy, pathological and malignant colon tissues have been investigated. Again, the open-ended
coaxial technique has been used for obtaining these properties. Measurements
have been performed on ex vivo tissues gathered from both colonoscopy and
surgery procedures. Results have shown that, between healthy and malignant
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colon tissues, differences in dielectric constant are in average of 5 units approximately (at the spectrum region where differences are higher, below 4 GHz).
In conductivity differences are lower, and even though they increase with frequency only around 2 units in average are achieved. Results agreed quite well
regardless of the source of data considered. However, no significant differences
have been obtained between healthy colon tissue and other non-cancerous colon
pathologies, meaning that the used technique may not be useful for diagnosing
other pathologies.
Two systems that make used of the differences on dielectric properties have
been proposed, being one of them in vivo. An alternative calibration procedure
has been proposed for these systems, and despite adding a certain amount of
uncertainty it is more simple and usable in a medical environment. The ex vivo
approach consists simply on making use of a much smaller and compact version
of the open-ended coaxial system, without any flexible part and measuring in
the endoscopy room right after tissue extraction. On the other hand, the second
approach is based on developing a large, flexible sensor that can be embedded
within a colonoscope and allow direct in vivo measurements. A preliminary in
vivo test has shown that the latter approach could be implemented with some
restrictions, but several improvements should be still performed. Still, before
deploying any kind of in vivo system, it should be assessed whether the differences obtained ex vivo are kept at in vivo conditions as well. This concluding
chapter summarizes the main contributions of this thesis and suggests further
topics of research beyond the results of this work.

6.1

Concluding remarks

6.1.1

Calibration algorithms

The calibration procedure has two main purposes. On the one hand, it translates the measurement plane from the VNA port to the end of the coaxial
sensor, minimizing the effect of the intermediate hardware on the results. On
the other hand, it relates reflection measurements to their corresponding electromagnetic properties. For fulfilling both purposes, we have made use of an
equivalent circuit model previously proposed in literature and we have applied
an error correction technique. Then, for applying this calibration, the reflection
of materials with well-known electromagnetic properties have to be measured.
Typical calibrations make use of air, a short circuit and distilled water.
First of all, we have evaluated an “enhanced” calibration consisting in
adding a forth standard to the typical one for improving the accuracy of the
system and thus obtaining results with lower uncertainties. Different liquids
have been analyzed testing some samples, being methanol the most suitable
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Ethylene glycol
∆0r
∆00r

DMSO
∆0r
∆00r

Butanol
∆0r
∆00r

Typical calibration

1.98%

2.27%

1.15%

1.74%

4.71%

5.74%

With methanol

0.43%

0.60%

0.14%

0.62%

3.13%

3.24%

With ethanol

2.71%

2.66%

1.88%

1.45%

1.04%

1.13%

With isopropanol

2.52%

1.72%

1.45%

1.21%

1.10%

2.43%

Table 6.1: Averaged errors made by each calibration at measuring the tested liquids.

Frequency
Region

Param.

(1)

(2)

(3)

(4)

Combined
uncertainty

Combined
exc. (4)

0.5 - 10
GHz

0r
00r

0.61
0.71

0.40
0.66

0.05
0.12

0.21
0.42

0.67
0.86

0.66
0.81

10 - 18
GHz

0r
00r

0.47
0.46

0.36
2.19

0.10
0.28

0.41
1.96

0.59
1.94

0.52
1.35

18 - 26.5
GHz

0r
00r

1.84
1.94

0.78
3.09

0.20
0.42

0.95
3.51

2.01
3.63

1.89
2.65

Table 6.2: Values of uncertainty in percentage terms of the relevant parameters averaged for
three spectrum regions.

one as it improves significantly the performance of the typical calibration for
any permittivity considered. In the Table 6.1 are averaged the errors performed
considering each calibration, in percentage terms of the relevant parameter.
Once selected the optimal calibration, its total uncertainty has been assessed. To this end, the different sources of uncertainty have been evaluated
and combined: repeatability of the measurements, systematic errors due to
the instrumentation and methodology, drift of the system with time, and cable movements (when these occur). The combined uncertainty calculated for
the system with the enhanced calibration is presented in the Table 6.2. One
can observe that the uncertainty increase with frequency, being higher for the
imaginary part of the permittivity than for the real one.
The enhanced calibration has been used in the characterization of the different kinds of colon samples, as the differences between healthy tissue and other
pathologies - including cancer - had to be evaluated with the higher possible
accuracy. However, this calibration is not suitable for medical environments,
as it has a certain complexity and it makes use of liquids that may be not be
accessible nor advisable in an endoscopy room. For this reason, an “alternative” calibration that could be used in future systems has been developed as
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well. It is based on measuring air and healthy colon samples as references, simulating the short-circuit reflection and neglecting measuring a forth standard.
Although much more simple, this calibration adds a certain amount of uncertainty. From post-processing the data from the ex vivo biopsy and surgery
campaigns with the alternative calibration, the errors in dielectric constant
were of around 0.2 and 0.4 in the average of dielectric constant respectively,
with maximum deviations of 1 unit. However, modifications on this calibration
or even major changes in the basics of the process should be studied in order
to achieve lower errors.

6.1.2

Database of in vivo electromagnetic properties of
biological tissues

To the best of the author’s knowledge, the largest database of in vivo electromagnetic properties of biological tissues has been presented in the framework
of this thesis. It has been focused on the tissues of both the abdominal and
the thoracic regions: aorta, bladder, blood, colon, fallopian tubes, fat, gallbladder, heart, kidney, liver, lung, muscle, oesophagus, ovary, pancreas, skin,
small intestine, spleen, stomach, uterine matrix. Still, this collection could
be complemented with further measurements, especially from head tissues. In
comparison to Gabriel’s database - the most used and widespread one, the presented results are slightly higher, probably caused by the fact that Gabriel’s
database was performed considering mostly ex vivo tissues.
As trivially expected, high water-content tissues have greater permittivity
values than low water-content ones. Most importantly, the properties of high
water-content tissues have in general lower uncertainty than those with a lower
water content. Larger uncertainties are related mainly to a greater natural
heterogeneity of the biological tissues, as the uncertainty added by the measurement system is common to all the tissues. As expected from Gabriel’s
report, the variability of tissues like fat, lung and skin was much greater in
comparison to the others. Unexpectedly, pancreas showed as well a high uncertainty, due to a natural heterogeneity that has not been previously addressed
in literature. Further research should be performed in order to understand this
behaviour properly.

6.1.3

Differences in dielectric properties between healthy
and malignant colon tissues

In this work, we have focused on the differences in the electromagnetic properties between a healthy and a malignant sample from a patient rather than in
analyzing only the absolute properties of suspicious samples. It is due to the
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fact that absolute values vary significantly between patients and calibration sessions. Factors such as dielectric variability among subjects, tissue temperature,
age of the subjects, tissue dehydration after tissue removal and random errors
of the measurement system affect to the absolute values, making them unsuitable for being used as detection markers just by themselves. However, this
factors affect to healthy tissues in essentially the same manner, and then the
electromagnetic differences between suspicious and healthy samples are much
more appropriate as detection markers.
Several pathologies have been analyzed from biopsy samples: Adenocarcinomas (CRC), adenomas without dysplasia, adenomas with both low and
high levels of dysplasia, hyperplastic and hamartomatous polyps. Results have
shown that non-cancerous lesions, regardless of their potential becoming into
cancer, have almost identical properties to healthy ones in both dielectric constant and conductivity. In contrast, significant differences have been found
out between cancer and healthy tissues. The larger differences in dielectric
constant were found below 4 GHz, selecting 2.45 GHz as diagnostic frequency
given its potential use in future systems as this frequency belongs to the reserved spectrum for Industrial, Scientific and Medical (ISM) applications. On
the contrary, although lower in magnitude, differences in conductivity increase
with frequency. In this case, we selected 18 GHz as any ISM frequency was
available within the frequencies of interest (although ISM 24.125 GHz band
could be selected, the measurement noise at this frequency is too high). The
median of the differences were of 4.8 units and 2 S/m in dielectric constant and
conductivity, respectively. Selecting the threshold in the difference between
healthy and suspicious sample that maximizes the accuracy of the open-ended
coaxial technique as a CRC detection system, we obtained the performance
shown in the Table 6.3.
It should be mentioned that the overall accuracy of the system, 87.5%, could
be increased if some modifications in the measurement system and protocol are
applied, as those presented in Chapter 4. Still, observing the NPV, the system

Detection Marker

Result

Sensibility
Specificity
Positive Predictive Value (PPV)
Negative Predictive Value (NPV)
Accuracy or Global Predictive Value (GPV)

75.0%
88.7%
46.2%
96.5%
87.5%

Table 6.3: Performance of the open-ended coaxial technique for detecting cancer using biopsy
samples.
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seems quite good for assessing the negative cases, which is interesting for a
particular application of the system. When a medical expert performs the
visual inspection of a suspicious tissue that thinks of it as healthy with high
probability, instead of sending it for pathological analysis, it could be discarded
if the open-ended coaxial system agrees with the medical expert, lowering the
burden to the anatomical pathology unit.
On the other hand, healthy and malignant colon samples from surgery procedures have been analyzed as well. Results are very similar to those obtained
from biopsies, although a bit lower in magnitude. This was likely caused by
the fact that surgery tissues were measured above 20 minutes after tissue extraction, which was higher than for biopsies and thus implies an increment
of tissue dehydration. Still, differences between healthy and malignant were
significant, agreeing quite well with the result from biopsies: the differences
in dielectric constant had a mean of 5.04 units, whereas in conductivity they
were of around 2.15 S/m. The probability densities of the differences follow a
logistic distribution, very similar in shape to the Gaussian one. From all the
observed differences, the development of CRC detection systems based on this
properties seems feasible. Besides, future systems should analyze the differences in dielectric constant rather than in loss factor or conductivity since they
are greater and, in addition, have lower variability.

6.1.4

Proposed systems for detecting colon cancer

Two different approaches can be followed for developing CRC detection systems. The ex vivo solution consists in compacting the system as much as
possible, using a small reflectometer instead of a VNA and a much shorter and
thinner sensor, ideally all compacted within a single device. This approach
must be used inside the endoscopy room, measuring within seconds right after
tissue removal (first a control tissue, for applying the alternative calibration,
and then the suspicious one). It could make use of the differences obtained
in the ex vivo measurement campaigns, and the variability of results could be
minimized due to the lowered influence of both tissue dehydration and sample
size. Still, there is room for improvement in the calibration procedure, as the
proposed alternative calibration adds a significant uncertainty to the process
that has to be always taken into account. After processing the data of the suspicious and healthy biopsies, we computed a combined uncertainty of around
18% on the difference in dielectric constant obtained owing to the use of the
alternative calibration. This high uncertainty has to be considered when fixing
the detection threshold.
The second solution evaluated relies on direct in vivo measurements. In this
case, the VNA could be compacted as well for facilitating the handling of the
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system, although the big breakthrough lies on the development of the sensor:
it should be a large coaxial of more than 2.5 meters, with an outer diameter
lower than 3.8 mm, watertight, biocompatible, with a very good stability in
phase with bendings and, if possible, sterilizable. Summarizing, it should be
completely harmless for human tissues, its performance should be affected by
bendings and leakage of body fluids as low as possible, and must be embedded
within the working channel of commercial colonoscopes. In one in vivo campaign with porcine models, we tested a prototype of flexible sensor in order
to evaluate its repeatability. The prototype complied with the dimensions of
the working channel of the colonoscope and had a good phase response with
bendings, although it was not biocompatible and complete watertightness was
not assured. It was shown that moving more than 1 cm from the position of
the alternative calibration was not recommended, since the uncertainty burden
is increased.
The in vivo approach seems easier to integrate within real colonoscopy
procedures, although technologically is much more challenging than the ex
vivo one. In addition, apart from the uncertainty sources presented in Section
2.3.3, both the use of the alternative calibration and the movement from the
calibration position adds a by no means negligible amount of uncertainty. Still,
before a potential implementation of this system, additional knowledge of the
difference between in vivo healthy and malignant colon tissues is required, as
no data is currently available.

6.2
6.2.1

Future work
Dielectric characterization of the colon healthy, malignant and pathological tissues at in vivo conditions

In the framework of this dissertation, measuring both healthy and malignant
human colon tissues at in vivo conditions has not been possible. There are
several restrictions to measuring this tissues directly: measurements must be
performed at surgery procedures for allowing direct contact with tissues, the
clinical trial has to be approved by the relevant committees, and last but not
least sterile and biocompatible sensors must be used, which are not currently
available commercially. Evidently, the probability of performing these measurements in basic research stages is almost zero. On the one hand, surgery
procedures are risky and therefore adding unnecessary steps in the process is
far from trivial. On the other hand, developing a custom sensor for having
a sterilizable and biocompatible sensor takes a huge amount of time, not only
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because of its design and manufacturing but also because certification processes
for new medical devices are very time-consuming.
A more feasible alternative lies in the use of mouse xenograft models, which
is a technique that consists in transplanting human cells into immunocompromised mice, which do not reject human cells. In this manner, human colon cells
can be cultivated and measured at in vivo conditions. Then, once characterized
the properties of cancerous and healthy cells in this condition, the differences
can be obtained with much higher accuracy and used for calibrating the CRC
detection system embedded within a colonsocope as well as for determining the
optimal detection threshold.

6.2.2

Development of the proposed systems for colon cancer detection

The deployment of the two systems for CRC detection depends greatly on solving technological challenges, although there is room for improving the proposed
calibration as well. Besides, the software interface has to be adapted for being
used by medical experts. Apart from controlling the system, it should guide
the medical doctors throughout the calibration and measurement processes,
performing the diagnosis, and presenting and storing the data. And finally, regardless of the detection system considered, medical experts have to be trained
in the setup and handle of the hardware, in the use of the application and in
the interpretation of the results.
As aforementioned, the development of the system of analysis of biopsies is
simply a miniaturizing process of the elements (reflectometer and sensor), ideally all compacted within a single hardware element. Being an ex vivo method,
its use in real samples even inside endoscopy rooms would be straightforward.
A validation period comparing diagnosis with anatomical pathology results
should be satisfied, evaluating its performance. Finally, before being commercially exploited, the system must be validated and certified by an authorized
regional representative (for instance, in Europe it must have a CE certification
mark).
On the other hand, having a functional CRC detection system embedded
into colonoscopes is still quite far-fetched. However, we believe that this solution can be much more accurate once its issues are solved or minimized, and
besides medical experts can find it easier to work with in comparison to the ex
vivo solution. With respect to the sensor considered within the fulfillment of
this thesis, the following features and aspects have to be addressed:
• The flexible open-ended coaxial sensor must be watertight and comply
with the required regulation regarding biocompatibility.
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• Sensor should bear with a suitable sterilization process (steam, dry heat
or chemical methods).
• A model with much better phase stability with bendings should be used,
as in this manner the measurement constrains related to movements are
reduced and then its handling is facilitated.
• The differences between cancerous and healthy human colon cells have
to be studied in vivo. Although it is expected that these differences even
increase in this condition, it is not absolutely certain and thus they must
be assessed.
• Clinical trials in real patients should be performed before its commercialization. Apart from having solved the previous steps, these trials have to
be previously approved by the respective ethical committees.
• Not only the sensor but also the whole system and procedure must be
validated and certified by an authorized regional representative, as with
the other system.

6.2.3

Assessment of other pathologies

Since it was proved that cancerous and healthy tissue do not interact in the
same manner with electromagnetic fields, the most studied techniques to exploit it for cancer detection are based on medical imaging. Only for breast
tissue, devices that work in direct contact with tissue have been deployed commercially. In the framework of this thesis, we have focused particularly in
colorectal cancer because colonoscopy procedures allow a rather easy access to
colon tissues. Even so, this technique can target other diseases such as:
• Barrett’s oesophagus and oesophagus cancer. As this organ can be accessed as well by means of endoscopy procedures, the in vivo measurement prototype could be exported for detecting these diseases in case that
dielectric differences between healthy and pathological samples exist.
• Liver steatosis. A certain amount of steatosis (this is, fat cells present in
liver tissue) is accepted in transplants, which is generally analyzed with a
single biopsy. As already presented in literature, the higher the degree of
steatosis, the lower the dielectric properties of liver. This disease could be
a target since it can be accessed during transplants and detected with a
modification of the proposed systems. Other liver states such as cirrhosis
and cancer could be studied as well.
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• Skin melanoma. Although it seems trivial due to its easy access, the
related challenges are not easy to solve. Among other issues, the natural
inhomogeneity of healthy skin and its variability among patients difficult
greatly a possible calibration of the system as well as the diagnosis. In
addition, skin is a very thin tissue, and the presence of subcutaneous fat
tissue below it could alter the diagnosis.
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Electromagnetic properties
of biological tissues
There is a great number of studies reporting measurements of electromagnetic
properties of biological tissues. Most of these studies have been carried out
on animal species and in ex vivo or in vitro conditions. Almost all of them
have been performed using the open-ended coaxial technique. Although not
having the best accuracy among the available methods, it is the most suitable
one for measuring semi-solid materials in wide bandwidths. In the Table A.1,
a collection of works performed on animal species is presented. It should be
highlighted that we have focused on the most characteristic tissues, and that
some contributions may have not been included.
Tissue

Bone
Bladder

Animal
Ovine
Bovine
Porcine

Cond.
Ex vivo

Breast tissue

Mice

In vivo

Cartilage
Cerebellum

Ovine

Ex vivo

Colon
Cornea

Porcine

In vivo

Ovine

Ex vivo
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Frequencies
1 MHz - 20 GHz

Reference
[87]

500 MHz - 20 GHz

[110]

500 MHz - 5 GHz
500 MHz - 30 GHz

[52]
[134]

1 MHz - 20 GHz
20 Hz - 20 GHz
433 MHz - 434 MHz
500 MHz - 5 GHz
10 Hz - 20 GHz

[87]
[138]
[52]
[87]

APPENDIX A. ELECTROMAGNETIC PROPERTIES OF
BIOLOGICAL TISSUES

Dermis and
Epidermis
Fat tissue

Porcine

In vitro

500 MHz - 110 GHz

[139]

Bovine

Ex vivo
In vivo
Ex vivo

10 Hz - 20 GHz
100 MHz - 2 GHz
10 MHz - 10 GHz
100 MHz - 11 GHz
300 MHz- 3 GHz

[87]
[104]
[140]
[113]
[141]

100 MHz - 8 GHz

[108]

10 MHz - 1 GHz
500 MHz - 5 GHz
10 Hz - 20 GHz
1 GHz - 18 GHz
130 MHz - 10 GHz
45 MHz - 26.5 GHz

[112]
[52]
[87]
[142]
[93]
[78]
[104]
[113]

Canine

In vitro
Feline
Grey matter
Mice
Ovine
Rabbit
Rat
Canine
Heart

Frog
Ovine

In vitro,
In vivo
In vivo
Ex vivo
Ex vivo
In vitro
In vivo
In vitro
In vitro,
In vivo
Ex vivo

Bovine
In vitro
Canine
Kidney
Feline
Ovine
Rat

Bovine
Canine

Liver

Feline

In vivo
In vitro,
In vivo
In vivo

100 MHz - 11 GHz
200 MHz - 8 GHz

[101]

10 Hz - 20 GHz
20 kHz - 100 MHz
2 GHz - 4 GHz

[87]
[143]
[103]
[113]

100 MHz - 11 GHz
100 MHz - 4 GHz

[104]

100 MHz - 8 GHz

[108]

10 MHz - 1 GHz
10 Hz - 20 GHz
130 MHz - 10 GHz
100 MHz - 12 GHz
20 kHz - 100 MHz
500 MHz - 20 GHz
500 MHz - 40 GHz
2 GHz - 4 GHz
100 MHz - 11 GHz

[112]
[87]
[93]
[108]
[143]
[109]
[102]
[103]
[113]

In vitro,
In vivo

100 MHz - 8 GHz

[108]

In vivo

10 MHz - 1 GHz
100 MHz - 10 GHz

[112]
[96]

Ex vivo
In vivo
Ex vivo
In vitro
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Ovine
Porcine

Rat

Lung

Ovine

Ex vivo

In vivo

Ex vivo

Bovine
In vitro
Canine

Feline
Muscle

Rat

Skin

Porcine
Canine
Frog
Ovine
Porcine
Rat
Sea Lion

Small
Intestine

[108]

10 MHz - 1 GHz
100 MHz - 10 GHz
200 MHz - 8 GHz
50 MHz - 10 GHz
10 Hz - 20 GHz
500 MHz - 40 GHz
130 MHz - 10 GHz
100 MHz - 10 GHz
100 MHz - 11 GHz
100 MHz - 12 GHz
433 MHz - 434 MHz
100 MHz - 11 GHz
200 MHz - 8 GHz

[112]
[96]
[101]
[144]
[87]
[102]
[93]
[96]
[104]
[108]
[52]
[113]
[101]

In vivo

100 MHz - 10 GHz

[145]

In vitro
Ex vivo

1 GHz - 15 GHz
130 MHz - 10 GHz
100 MHz - 10 GHz

[146]
[93]
[145]

433 MHz - 434 MHz

[138]

20 kHz - 100 MHz

[143]

100 MHz - 8 GHz

[108]

10 MHz - 1 GHz
100 MHz - 10 GHz
10 Hz - 20 GHz
130 MHz - 10 GHz

[112]
[96]
[87]
[93]

Ex vivo

In vivo
In vivo
In vitro

In vivo

Porcine
Bovine
Feline

Spleen

Ex vivo
In vitro,
In vivo
In vivo

Ovine

100 MHz - 11 GHz

[87]
[102]
[93]
[96]
[108]
[114]
[105]
[87]
[102]
[103]
[113]
[104]

100 MHz - 8 GHz

In vivo
Frog
Mice
Ovine
Porcine

Oesophagus

In vivo
In vitro,
In vivo

10 Hz - 20 GHz
500 MHz - 40 GHz
130 MHz - 10 GHz
100 MHz - 10 GHz
100 MHz - 12 GHz
500 MHz - 6 GHz
500 MHz - 40 GHz
10 Hz - 20 GHz
500 MHz - 40 GHz
2 GHz - 4 GHz

Ex vivo

Rat
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Stomach
Tongue

Mice
Porcine
Rat
Canine

White matter

Feline
Ovine
Rabbit
Rat

100 MHz - 10 GHz
100 MHz - 12 GHz
500 MHz - 5 GHz
433 - 434 MHz
130 MHz - 10 GHz
10 MHz - 10 GHz
100 MHz - 11 GHz
300 MHz - 3 GHz
10 MHz - 1 GHz
10 Hz - 20 GHz
1 GHz - 18 GHz
45 MHz - 26.5 GHz

In vivo

Ex vivo
In vitro
In vivo
Ex vivo
In vitro

[96]
[108]
[52]
[138]
[93]
[140]
[113]
[141]
[112]
[87]
[142]
[78]

Table A.1: Dielectric characterization studies of biological tissues performed on animal specimens available in literature.

One can observe from the former table that there is a large heterogeneity regarding the measured frequencies, the animal species considered and the
measurement conditions. Besides, many of them are focused just on a few tissues. The most complete collection available is the so-called Gabriel’s database
[87]. The measurements of this collection were carried out in a wide frequency
bandwidth, from 1 MHz (or below for many tissues) up to 20 GHz, considering
more than 40 different tissues. Many of these measurements were performed on
animal specimens, mostly sheep, in ex vivo conditions. However, a few tissues
were characterized ex vivo or in vivo from human samples, causing that not
the entire database has been performed under the same conditions.
A collection of the found dielectric studies performed on human tissues
is gathered in the Table A.2. One can easily observe that the quantity of
characterized tissues and the number of studies are much lower in humans
than in animals. In addition, due mainly to ethical constraints, only a few
tissues have been characterized in vivo so far.
Tissue
Bladder
Bone

Condition

Breast tissue
Colon
Fat tissue
Grey matter

Ex vivo

Frequencies

Reference

1 MHz - 20 GHz

[87]

50 MHz - 900 MHz
500 MHz - 20 GHz
50 MHz - 900 MHz
500 MHz - 18 GHz
1 MHz - 20 GHz
800 MHz - 2.45 GHz

[51]
[147]
[51]
[106]
[87]
[148]

166

Kidney
Liver

Lung
Muscle
Skin
Small intestine
Stomach
Tongue

Ex vivo, In vivo
In vitro
Ex vivo
In vitro
Ex vivo
In vivo

50 MHz - 900 MHz

[51]

500 MHz - 20 GHz
100 MHz - 5 GHz
10 Hz - 20 GHz
500 MHz - 900 MHz
100 Hz - 100 MHz
50 MHz - 900 MHz
100 Hz - 20 GHz

[53]
[149]
[87]
[51]
[150]
[51]

Ex vivo

1 MHz - 20 GHz

[87]

In vivo

Table A.2: Dielectric characterization studies of biological tissues performed on human samples available in literature.
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