ISTANBUL TECHNICAL UNIVERSITY % GRADUATE SCHOOL

CHARACTERIZATION OF TEMPERATURE
DEPENDENT DIELECTRIC PROPERTIES OF BIOLOGICAL
TISSUE PHANTOMS USING AN OPEN-ENDED COAXIAL PROBE

M.Sc. THESIS

Tugce TUTUK

Department of Electronics and Communication Engineering

Biomedical Engineering Programme

JUNE 2024






ISTANBUL TECHNICAL UNIVERSITY % GRADUATE SCHOOL

CHARACTERIZATION OF TEMPERATURE
DEPENDENT DIELECTRIC PROPERTIES OF BIOLOGICAL
TISSUE PHANTOMS USING AN OPEN-ENDED COAXIAL PROBE

M.Sc. THESIS

Tugce TUTUK
(504211415)

Department of Electronics and Communication Engineering

Biomedical Engineering Programme

Thesis Advisor: Assist.Prof.Dr. Cemanur AYDINALP

JUNE 2024






ISTANBUL TEKNIK UNIVERSITESI % LISANSUSTU EGITIiM ENSTITUSU

VUCUT DOKULARINI TAKLIT EDEN FANTOMLARIN
ISIYA BAGIMLI DIELEKTRIK OZELLIKLERININ
AUKP YARDIMIYLA OLCULMESI

YUKSEK LISANS TEZI

Tugce TUTUK
(504211415)

Elektronik ve Haberlesme Miihendisligi Anabilim Dal

Biyomedikal Miihendisligi Programi

Tez Damismani: Assist.Prof.Dr. Cemanur AYDINALP

HAZIRAN 2024






Tugce TUTUK, a M.Sc. student of ITU Graduate School student ID 504211415 suc-
cessfully defended the thesis entitled “CHARACTERIZATION OF TEMPERATURE
DEPENDENT DIELECTRIC PROPERTIES OF BIOLOGICAL TISSUE PHAN-
TOMS USING AN OPEN-ENDED COAXIAL PROBE”, which he/she prepared af-
ter fulfilling the requirements specified in the associated legislations, before the jury
whose signatures are below.

Thesis Advisor : Assist.Prof.Dr. Cemanur AYDINALP ..
Istanbul Technical University

Jury Members : Assoc.Prof.Dr. Tuba YILMAZ ABDOLSAHEB ...,
Istanbul Technical University

Assist.Prof.Dr. Egemen BILGIN ...
MEEF University

Date of Submission : 22 May 2024
Date of Defense : 11 June 2024






Vil

To my family,






FOREWORD

Writing the thesis has been an expedition of exploration, development, and profound
appreciation. I express profound gratitude to my advisor, Dr. Ogr. Uyesi Cemanur
AYDINALP, for their excellent mentorship and unflinching assistance during this
undertaking. I am deeply grateful to Asst. Prof. Tuba Yilmaz ABDOLSAHEB for
reviewing my thesis, for her guidance, and for numerous occasions to discuss my
research findings.

I am deeply thankful to my family, particularly my sister, whose unwavering support
and faith in my capabilities have provided me with resilience and inspiration.
Furthermore, I appreciate my friends Ezgi Sentiirk and Ceyda Koksal for their steadfast
support, whether by listening attentively during difficult moments or cheering on
achievements alongside me. Their presence has not only made this academic trip
tolerable but also pleasurable. I express my sincere gratitude to all of them for being
the essential sources of support in my life.

This study was funded by the Scientific Research Unit (BAP) of Istanbul Technical
University, Project No.MAB-2024-45450.

June 2024 Tugce TUTUK
(Biomedical Engineer)

X






TABLE OF CONTENTS

Page
FOREWORD ... ix
TABLE OF CONTENTS . ... e xi
ABBREVIATIONS . ... i xiii
SYMBOLS . e XV
LIST OF TABLES ... xvii
LIST OF FIGURES . . ... XX
SUMMARY ..o e xxi
O ZE T . e xxiii
1. INTRODUCTION ... 1
2. LITERATURE REVIEW .. 3
2.1 Dielectric Properties ...........ooiiiiiiiiiiiiii 3
2.2 Tissue Mimicking Phantom ...t 6
3. BACKGROUND . . ... 9
3.1 Dlelectric Properties of Biological Tissues ..., 9
3.1.1 Basics of Tissue Dielectric Properties .................oooiiiiin..... 9
3.1.2  Temperature Dependent Cole-Cole Equation........................... 10
3.1.3 Tissue Dielectric Property Measurement Method ...................... 12
3.1.4 Open-Ended Coaxial Probe Method and Calibration................... 13
3.2 Preparation of Gelatin-Based Tissue Mimicking Phantoms ................ 14
4. MEASUREMENT OF DIELECTRIC PROPERTIES OF A
TISSUE-MIMIC GELATIN-BASED PHANTOM WITH A COAXIAL
PROBE . ... e 17
4.1 INtrodUCHION ....oouut ettt ittt 17
4.2 Materials and Methods ............oiiiiiiiiiiiiii i 17
4.3 Results and DiSCUSSION .......uuiiiiiiiieii it i 18
5. TEMPERATURE DEPENDED ON DIELECTRIC CHARACTER-
IZATION OF BIOLOGICAL TISSUE PHANTOMS USING AN
OPEN-ENDED PROBE ... 21
5.0.1  IntroduCtion..............iiiiiiii it i 21
5.0.2 Materials and Methods .............ccooiiiiiiiiiiiii 22
5.0.3 Results and DisCUSSION ........oviiiiiieeiiii i iiiieeiiaeeeanns 23
6. CONCLUSIONS .o e 31
REFERENCES . ... e 33

X1






ABBREVIATIONS

VNA : Vector network analyzer

OECP : Open ended coaxial probe

MHz : Megahertz

GHz : Gigahertz

PNA-L : Purpose network analyzers

DAK : Dielectric assessment kit

PVCP : Polyvinyl chloride plastisol phantoms

OSL : Open short load

Xiii






SYMBOLS

Epsilon

Omega

Thita

Epsilon prime
Epsilon double prime
Tau

Metre per second
Petasecond
Newton-second
Static frictional force
Epsilon

Grade

Microwave

XV






LIST OF TABLES

Page

Table 2.1: A  chronological  review of the  information on
temperature-dependent dielectric characteristics [1]. .................. 5

Table 3.1 : Quantities of materials added to the phantom. F.dehyde:
Formaldehyde. ... 15

Table 5.1 : Temperature coefficients of third order polynomial fit to the
temperature-dependent three-pole Cole-Cole parameters of Liver
mimicking phantom. ... 24

Table 5.2 : Temperature coefficients of third order polynomial fit to the
temperature-dependent three-pole Cole-Cole parameters of blood
mimicking phantom. ... 27

Table 5.3 : Temperature coefficients of third order polynomial fit to the
temperature dependent three-pole Cole-Cole parameters of lung
mimicking phantom. ... 27

XVvil



Xviii



LIST OF FIGURES

Figure 3.1 :
Figure 3.2 :

Figure 3.3 :

Figure 4.1 :

Figure 4.2 :

Figure 5.1 :

Figure 5.2 :

Figure 5.3 :

Figure 5.4 :
Figure 5.5 :

Figure 5.6 :

Figure 5.7 :
Figure 5.8 :
Figure 5.9 :
Figure 5.10 :

Figure 5.11:

Page
Diagrams of Cole-Cole and Debye Equation.......................... 10
Dielectric measurement setup, Open-ended coaxial probe (OECP),
Vector network analyzer (VNA). ... 14
The oil ratios of the prepared phantoms are from 1 to 12,
respectively: %0, %5, %10, %15, %20, %25, %30, %40, %45,
D050, T055. ..o e 16
Phantoms with %0, %5, %10, %15, %20, %25 oil ratio (A)
relative dielectric constants and (B) conductivity values change the
freqUENCY TESPONSE. ..ottt 18
Phantoms with %30, %35, %40, %45, %50, %55 oil ratio (A)
relative dielectric constants and (B) conductivity values change the
fTEQUENCY TESPOMNSE. ...ttt ettt iiee e e e et eiiiiaeeeeeeaans 19
Temperature Depended Dielectric Characterization Measurement
SEtUP:...... il e 22
Mean of measured (a) relative permittivity and (b) dielectric loss
of liver mimicking phantom as a function of frequency at different
temperatures, gathered during heating-cooling cycles . .............. 23
Mean of measured (a) relative permittivity and (b) dielectric loss of
blood mimicking phantom as a function of frequency at different
temperatures, gathered during heating-cooling cycles . .............. 25
&, € error rates of temperature-dependent three pole Cole-Cole
parameters of real blood and blood phantom. ......................... 25
T, 0, @ error rates of temperature-dependent three pole Cole-Cole
parameters of real blood and blood phantom ......................... 26
Mean of measured (a) relative permittivity and (b) dielectric loss
of lung mimicking phantom as a function of frequency at different
temperatures, gathered during heating-cooling cycles. ............... 28
Comparing the epsilon prime values of real lung tissue and %15
oil lung phantom from the IFAC website. ............................. 29
Comparing the conductivity of real lung tissue and %15 oil lung
phantom from the IFAC website. ..........ccovviiiiiiiiiiiinnieieinn, 29
g error rates of temperature-dependent three pole Cole-Cole
parameters of real lung tissue and lung phantom ..................... 29
T error rates of temperature-dependent three pole Cole-Cole
parameters of real lung tissue and lung phantom ..................... 30
o error rates of temperature-dependent three pole Cole-Cole
parameters of real lung tissue and lung phantom. .................... 30

X1X



Figure 5.12: 0 error rates of temperature-dependent three pole Cole-Cole
parameters of real lung tissue and lung phantom .....................

XX



CHARACTERIZATION OF TEMPERATURE
DEPENDENT DIELECTRIC PROPERTIES OF BIOLOGICAL
TISSUE PHANTOMS USING AN OPEN-ENDED COAXIAL PROBE

SUMMARY

The dielectric characteristics of biological tissues, particularly at microwave
frequencies, are essential for various medical applications, including imaging, therapy,
and cancer treatment. This research focuses on understanding how electromagnetic
waves interact with tissues and the temperature-dependent changes in tissue dielectric
properties. Because these treatment procedures occur at temperatures beyond room
temperature, the resulting change in tissue dielectric properties must be considered.

Electrical tissue qualities have an immediate effect on the absorption of electromag-
netic energy, which results in a heating generation; these features are thus critical to
early-stage and clinical uses utilizing electromagnetic waves for heating, as well as
thermal treatments in total because dielectric characteristic changes following heating
will influence tissue distribution of temperatures and the ensuing thermal harm. For
this reason, there is a need for biological phantoms that mimic the dielectric properties
of tissues at these high frequencies and different heat rates.

Tissue-mimicking phantoms, such as gelatin-based phantoms, play a crucial role in
simulating tissue properties for research and clinical purposes. Many different forms
of phantom materials can be used to mimic different tissues. One of the most preferred
ones is phantoms produced using gelatin because they are affordable, easy to produce,
made from easily available materials and stable. Dielectric properties are not directly
measurable characteristics.

Therefore, the data collected from measurement devices are converted into dielectric
properties.  Although there are multiple methods in the literature for this, the
open-ended coaxial probe technique was preferred to measure the dielectric properties
of these prepared oil-in-gelatin phantoms and to measure temperature-dependent
changes. It is a widely used measurement technique that provides wide frequency
range measurements for both in vivo and ex vivo environments.

The mathematical method used to interpret measurement results and compare them
with real tissues is Cole-Cole equation. All prepared tissue phantoms were measured
first at room temperature and then at all temperatures from body temperature to 55
degrees using an open-ended coaxial probe. The obtained dielectric properties were
compared with previous studies and the dielectric properties of real tissues available
on the IFAC website and focused on the analysis of the change of dielectric properties
with temperature.

The findings obtained as a result of the experiments showed that oil in gelatin phantoms
are successful material for tissue mimicking. As a result of the comparisons, it was
proven that the dielectric properties of the phantoms were compatible with real tissues
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and that they still showed tissue dielectric properties as a result of heating and cooling
processes.
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VUCUT DOKULARINI TAKLIT EDEN FANTOMLARIN
ISIYA BAGIMLI DIELEKTRIK OZELLIKLERININ
AUKP YARDIMIYLA OLCULMESI

OZET

Mikrodalga frekanslarinda enerji yayan cihazlarin, goriintiileme, terapi ve kanser te-
davisinde kullanilmaya baglanmasiyla, dokular ile elektromanyetik dalgalar arasindaki
etkilesimleri incelemeye yonelik arastirmalar artmigtir.

Bu calismalarda, elektromanyetik dalgalarin dokularla nasil etkilesime girdigini, doku-
larin dielektrik 6zelliklerinde meydana gelen elektriksel farkliliklara odaklanilmigdir.
Bir diger arastirma konusu da teshis ve tedavi icin kullanilan mikrodalga enerjisinin
dokuda meydana getirdigi 1s1 artisinin sonuclaridir ciinkii dielektirik 6zellikler
elektromanyetik enerjinin emilimi iizerinde aninda etkiye sahiptir ve bu doku da 1sinma
olusumuna neden olur.

Dokulardaki bu 1s1 artisinin sonrasinda dielektrik 6zelliklerde meydana gelen
degisiklikleri bilmek, sicakliklarin dokuda nasil bir dagilim gosterdigini ve bunun
sonucunda ortaya ¢ikabilecek zarar1 da 6n gormemizi saglayacaktir.

Elektromanyetik dalgalarin kullanildig1 erken asama teshis yoOntemleri ve klinik
kullanimlarin yani sira ablasyon gibi termal tedaviler icinde 1s1 sonrast meydana
gelen degisimleri anlamak kritik 6oneme sahiptir. Ancak her viicut dokusu i¢in bu
degisimleri laboratuvar ortaminda in-vivio ya da ex-vivo deneylerini yapmak miimkiin
olamayacagi i¢in viicut 6zelliklerini taklit etmemize yarayan malzemeler olan ihtiyag
dogmustur.

Literatiirde farkli malzemelerden elde edilmis bir¢ok fantom tiirli vardir. Fantomlar
yapilirken ¢ok farkli ana malzemeler kullanilabilir. Ornegin hidrojel, polivinil alkol,
jelatin, agar, plastik gibi malzemelerden fantomlar iiretilmistir. Hem ucuzlugu hem
tiretim kolaylig1 hem de stabil formlar1 nedeniyle bu calismada jelatin fantomlar tercih
edilmistir.

Laboratuvar ortaminda fantom iiretmek icinde farkli metotlar kullanilabilir. Jelatin
fantomlarinin bir diger avantaji da kolay bulunabilen malzemeler kullanilarak
iretilebilmeleridir.

Deneyde kullandigimiz fantomlar da jelatin, distile su, ay cicek yag, bulagik deterjani
ve formaldehit kullanilmigtir. Her malzemenin bir kullanim amaci vardir. Jelatin,
yogunlugu ve optik 6zellikleri insan dokusuyla benzerlik gosterdigi i¢cin kullaniglt bir
ana malzemedir ayrica ucuz ve kolay bulunabilir. Distile su, viicut dokularinda yiiksek
oranda su icermesi nedeniyle iiretilen fantomun igerdigi su miktarida dokuya benzerlik
icin 6nemlidir. Ayrica distile su, jelatinin yogunlugunu ayarlamak icinde gereklidir.
Aycicek yagi, dokulardaki yag oranimi simiile etmek icin gereklidir. Viicuttaki her
dokunun farkli bir yag yiizdesi oldugu i¢in goriintillemede de yag oranmi dokulari
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ayirt etmede biiylik oneme sahiptir. Bulasik deterjani, fantom i¢indeki malzemelerin
homojen bir sekilde karigmasini saglayabilir ve jelatinin sivi icerisinde homojen
bir sekilde dagilmasina yardimci olur. Ayrica fantomun yiizey gerilimini azaltarak
kabarcik olusumunu engeller. Son kullandigimiz malzeme olan formaldehit jelatinin
sertlesmesini saglayan bir ¢apraz baglayicidir. Bu, jelatinin istenilen sekli almasini ve
fantomun dayanikli bir yapiya sahip olmasini saglar. Bu bes ana malzemeyi kullanarak
referans aldigimiz makaledeki oranlara gore farkli yag yiizdelerine sahip bir¢cok fantom
hazirlanarak ¢esitli dokulara benzer 6zellikler elde edilmeye calisilmistir. Bu asama
icin on ii¢ adet fantom hazirlanmisgtir. Bu fantomlarin yag yiizdesi %0 yag dan %55 yag
oranina kadardir. Ik yapilan fantom hi¢ yag kullanilmadan hazirlanmis daha sonraki
her fantom da yag % 5 oraninda arttirilarak tretilmistir. Bdylelikle yag oraninin
fantomlarda ki elektriksel 6zelliklerde ki etkisini daha iyi anlamamiz1 saglamustir.

Uretilen tiim fantomlarin iiretim giiniinden yaklagik dort giin sonra acik uclu koaksiyel
prob yardimiyla Olciilmiistiir. Dort giin sonra 6l¢iim nedeni ise fantom hazirlanirken
kullanilan formaldehitin yag molekiillerine baglanarak fantomun istenilen katilikta
olugmasi i¢in gereken minimum siire olmasidir. Ancak dielektrik 6zellikler dogrudan
Olciilebilen ozellikler degildir. Bu nedenle Ol¢iim cihazlarindan toplanan veriler
dielektrik ©zelliklere doniistiiriiliir. Bunun icin birden fazla yontem bulunmasina
ragmen hazirlanan bu jelatin i¢inde yag fantomlarinin dielektrik 6zelliklerini 6l¢gmek
icin acik uclu koaksiyel prob teknigi tercih edilmistir.

Acik uclu koaksiyel prob hem in vivo hem de ex vivo ortamlar i¢in genis frekans araligi
Olciimleri saglayan, yaygin olarak kullanilan bir ol¢tim teknigidir. Bu yodntemde,
dielektrik malzeme ile birlikte bir koaksiyel kablo kullanilir. Koaksiyel kablo, icte
iletken bir tel, etrafinda dielektrik bir malzeme ve en dista iletken bir kalkan bulunur.
Deney esnasinda kullanilan Dak prob sayesinde, prob fantoma direk temas ederek
Olctimler alinmistir. Prob Olciilen malzemenin dielektrik sabitini ve kayip faktoriinii
Olcerek malzemlerin dielektrik 6zellikleri hakkinda bilgi edinmemizi saglar.

Prob ag analizoriine baglandiktan sonra proba mikrodalga sinyaller gonderilmeye
baglanir. Bu sinyal, dielektrik malzeme i¢inden gecerken etkilesime girer. Probun
ucu Olciim yapilacak malzeme olan fantoma yerlestirilirildigi icin malzemeden gecen
sinyal dielektrik sabiti ve kayip faktorii gibi 6zellikler hakkinda bilgiyi kaydeder.
Daha sonra bu bilgiler probun arayiizii sayesinde analiz edilir ve dielektrik 6zellikler
hakkindaki bilgileri elde etmemizi saglar. Baska bir cok dielektrik 6lgme yontemi de
litaratiirde mevcuttur. Frekans domaini reflektometrisi, zaman domaini reflektometrisi,
kapasitif ve indiiktif 6l¢iim yontemlerinde kullanilmaktadir. Ancak acik uglu prob
yontemi tercih etmemizin bir ¢ok nedeni varrdir. Bu yontem diger 6l¢iim yontemlere
gore daha az karmagiktir. Sistemi kurmasi ve kullanmasi daha basittir. Olciilen
malzemeye zarar vermedigi i¢in hem daha dogru hem de yiiksek hassasiyette dl¢iimler
yapmamiza olanak saglhiyor. Kullanilan malzeme de tahribata neden olmamasi
Olciimlerin de tekrarlanabilirligine imkan verir. Son olarak acik uclu prob teknigi
genis frekans araliginda ¢alisabilir. Bu sayede malzemelerin farkl frekanslarda nasil
elektriksel ozellikler gosterdigi incelenebilir.

Yapilan tiim Ol¢timlerde jelatin fantomlar 500 MHz ile 10 GHz frekans araliginda ve
oda sicakliginda ol¢iilmiistiir.
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Olgiim sonuglarin1 yorumlamak ve gercek dokularla karsilagtirmak igin matematiksel
yontemler kullanilmasi gerekmektedir. Bu ¢alismada kullanilan matematiksel yontem
Cole-Cole yontemidir. Bu yontem malzemenin frekans bagimh dielektrik 6zelliklerini
belirlemek i¢in kullanilan yaygin bir yontemdir. Cole - cole denkleminde dielektrik
sabit ve kayip faktoriinii tanimlayan bir kompleks permitivite fonksiyonu vardir. Bu
modelle dielektrik malzemenin karisik davraniglart da agiklanabilir. Bir sonraki
deney olan 1s1ya bagimlh 6zelliklerin incelenmesinde de bu yontem icin uygun bir
modeldir. Bu model ile sayisal verilere doniistiiriilen elektriksel 6zellikler onceki
caligsmalarla ve IFAC web sitesinde mevcut olan gercek dokularin frekansa bagh
dielektrik ozellikleriyle karsilagtirildi. Hangi yag yiizdesine sahip fantomlarin hangi
dokular taklit ettigi belirlendi. Ger¢ek dokularla benzer elektriklesel 6zellik gosteren
fantomlar belirlendi. Akciger, karaciger, meme dokusu ve kan ile benzer 6zellik
gosteren fantomlar ile farkli bir ¢calisma daha yapildi. Bu dokularin tercih edlme
nedenleri vardir. Meme kanseri en ¢ok rastlanan kanser tiirlerinden biridir. Karaciger
dokusu iizerinde ise ¢ok fazla termal ablasyon ¢alismas1 yapilmis ve bu konuda ¢okca
litaratiirde makale mevcuttur. Bu sayede de iiretilen fantomlarin deney sonucunda
elde edilen dielektirk ozelliklerinin ne kadar dogru oldugunu karsilastirmak ve 1siya
bagimliligini test etmek i¢in cokg¢a kaynak ve bilgi mevcuttur.

Fantomlar secildikten sonra dokulardaki 1s1 artis1 sonucunda dielektrik 6zelliklerin
degisimini gozlemlemek icin bir farkli bir deney diizenegi hazirlandi. Dokuyu 1sitmak
icin sicak su banyosu kullanildi. Sicak su banyosuna yerlestirilen fantomlar oda
sicaklifindan 50 - 55 dereceye kadar 1sitildi. Bu sicakliklarin se¢ilmesinin temel
nedeni bu sicakliklardan sonra dokuda meydana gelen protein denatiirasyonudur. Doku
yiiksek 1s1ya otuz dakikadan uzun siire maruz kalirsa, bu doku da kalic1 hasara neden
olur ve geri dondiiriilemez.

Bu calismay1 yapmamizin temel amaci jelatin kullanilarak iiretilen doku fantomlarinin
isitildiginda elektriksel ozelliklerinde ne gibi degisikler olabilecegini anlamakti.
Hazirlanan tiim doku fantomlar1 6nce oda sicakliginda, daha sonra viicut sicaklifindan
55 dereceye kadar tiim sicakliklarda acik u¢lu koaksiyel prob kullanilarak dlciildii.

Kullanilan 6l¢iim diizenegi, Speag marka DAK 3.5mm prob kiti bu prob sayesinde
genis frekans bandinda 10 MHz ile 10 GHz frekans araliginda dl¢timler yapilmistir. Bu
frekansi araligr Agilent N5230A marka bir vektor ag analizorii ile ayarlanmigtir. Her
bir fontomun homojenligini de test etmek i¢in farkli li¢ noktadan 6l¢iimler alinip bu
Olctimlerin ortalamalar1 hesaplanmistir. Oda sicakligindaki 6l¢iimler tamamlandiktan
sonra NUVE sicak su havuzu kullanilarak tiim fantomlar 1sitilmig ve 1sitma esnasinda
her bir derece de bir fantomlardan iicer 6l¢iim alinarak sonuglar kaydedilmistir. Tiim
fantomlar 50 derece ye kadar 1sitilip sonuglar kaydedildikten sonra sicak su havuzu
kapatilarak tekrar oda sicakligina doniilene kadar yine her bir derece de bir soguma
verileri de kayit altina alinmustir.

Elde edilen tiim sonuglardan bagil dielektrik degerleri ve iletkilik degerleri
hesaplanmak icin bir matlab kodu kullanildi. Yine Cole-Cole denklemlerinden
yararlanildi ve ikinci dereceden bir polinom kullanarak denklem sicakliga uygun hale
getirilmigtir. Tlim sonuglar grifikler haline getirilerek litaratiide bulunan 1stya bagimli
dielektrik ozelliklerle kargilastirild1 ve hata oranlar1 hesaplanda.
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Deneyler sonucunda elde edilen tiim bulgular, jelatin fantomlarindaki yagin doku
taklidinde basarili materyaller oldugunu gosterdi.  Karsilagtirmalar sonucunda
fantomlarin dielektrik ozelliklerinin ger¢ek dokularla uyumlu oldugu ve 1sitma ve
sogutma islemleri sonucunda hala dokularin dielektrik 6zelliklerine benzer 6zellikler
gosterdikleri kanitlandi.
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1. INTRODUCTION

Since the early twentieth century, scientists have been studying the dielectric
characteristics of biological tissues [1]. The use of electromagnetic energy for
medical imaging and therapy, as well as the rapid growth of personal devices that
emit electromagnetic energy at microwave frequencies, have increased research into
how electromagnetic waves interact with biological tissues, particularly at microwave
frequencies [2]. Essentially, the interactions and propagation of electromagnetic
fields inside biological tissues are governed by the dielectric characteristics [1]. The
dielectric properties of biological tissues have been tested by various researchers at
different frequencies and different temperatures, but most of these studies were at or
below physiological temperature about 37 °C. However, due to the rapid increase
in cancer cases in recent years, treating tissues with microwave tissue heating,
including hyperthermia and thermal ablation, by raising them to temperatures higher
than 40 °C has been the subject of clinical use and various research. There is
also work with this method to treat various diseases, including cardiac arrhythmias,
Parkinson’s disease, hyperopia, hyperplasia, and others [3]. Because these treatment
procedures occur at temperatures beyond room temperature, the resulting change
in tissue dielectric properties must be considered. Electrical tissue qualities have
an immediate effect on the absorption of electromagnetic energy, which results
in a heating generation; these features are thus critical to early-stage and clinical
uses utilizing electromagnetic waves for heating, as well as thermal treatments in
total because dielectric characteristic changes following heating will influence tissue
distribution of temperatures and the ensuing thermal harm [4]. As a result, there
is a need for biological phantoms that mimic the dielectric properties of tissues at
these high frequencies and different heat rates. A number of phantoms have been
created for this purpose. According to the base component, these materials can be
classified into different types. One of these classifications is based on the main

material used during the production of the phantom, and oil-in-gelatin phantoms are



one of the subspecies of this classification. In addition to having similar dielectric
properties with tissues, the produced phantoms should also have qualities such as
safety, low cost, simplicity in preparation, and long life [5]. Gelatin-in-oil phantoms
are widely regarded as one of the most preferred types of phantoms due to they
provide these properties. Despite the various approaches available, the open-ended
coaxial probe is the most commonly used technique for determining the dielectric
characteristics of biological tissues because it needs non-invasive functioning, simple
preparation of the sample, and effortless temperature control. The relative conductivity
and permittivity coefficients of the oil-in-gelatin phantoms prepared to determine
the temperature-dependent variable dielectric properties were measured using an
open-ended coaxial probe approach. Dielectric properties are not directly measurable
characteristics. Therefore, the data collected from measurement devices are converted
into dielectric properties. The fact that the dielectric properties of tissues vary with
frequency has allowed for their expression through mathematical modeling. The model
developed by Debye to investigate the frequency-dependent dielectric behavior of polar
molecules has taken on different forms in subsequent studies, and the expression called
the Cole-Cole equation has been frequently used in the literature to represent the
dielectric properties of biological tissues [6,7]. In this manner, we can numerically
interpret the temperature-dependent dielectric properties of oil phantoms in the gelatin
we produce and obtain precise information on the effect of changing temperatures on
these dielectric properties.

A thesis study was conducted, which involved producing phantoms resembling various
human body tissues by altering the fat content within gelatin. These phantoms were
then heated using a hot water bath, raising the temperature from approximately 22
degrees Celsius to 50 degrees Celsius, and the corresponding changes in dielectric
properties were recorded. The dielectric properties obtained were compared with
previous studies and the dielectric properties of real tissues found in the IFAC website

[8], focusing on the analysis of the variation of dielectric properties with temperature.



2. LITERATURE REVIEW

2.1 Dielectric Properties

In the past century, a wide range of measurement methods has been used to extensively
explore the dielectric characteristics of biological tissues over diverse frequency
ranges [9]-[12]. Understanding how electromagnetic waves interact with and travel
through biological tissues depends critically on these characteristics. An accurate
understanding of dielectric characteristics is useful in many fields, including biology,

agriculture and food production, and medical applications in healthcare.

Characterizing and controlling human exposure to electromagnetic fields is one im-
portant application. Assessing the potential health concerns linked to electromagnetic
radiation exposure involves understanding the dielectric characteristics of tissues.
Setting safety standards and limitations for electromagnetic systems and devices is
made easier by this information [2] Characterizing and controlling human exposure
to electromagnetic fields is one important application. Assessing the potential health
concerns linked to electromagnetic radiation exposure involves understanding the
dielectric characteristics of tissues. Setting safety standards and limitations for
electromagnetic systems and devices is made easier by this information. In addition,
the dielectric characteristics of biological tissues have aided in the development
of microwave-frequency cancer detection and therapy systems. These features
have been used by researchers to develop novel procedures such as microwave
thermotherapy, which selectively targets and eliminates cancer cells while causing
minimal damage to healthy tissues [13]-[18]. In general, research and knowledge of
dielectric characteristics in biological tissues have far-reaching consequences, ranging
from consumer safety to breakthroughs in various fields such as agriculture and
healthcare [1]. Because of its non-destructive nature and capacity to provide broadband

measurements in both in vivo and ex vivo environments, the open-ended coaxial probe



has grown in popularity since the 1980s [19,20]. Moreover, investigators examined
the dielectric characteristics of biological tissues, considering parameters such as
percentage of water, medical condition (healthy or tumor), and whether measurements
were taken in vivo or ex vivo. Major advances in dielectric property measurements of
animal and human tissues were made in 1996, in both in vivo and ex vivo conditions
[21]-[23].

In these instances, measurements are often taken at room temperature. However,
direct contact with the test material is required in vivo research employing the
open-ended coaxial probe method and other measuring techniques, necessitating
a lower measurement temperature than normal body temperature. Furthermore,
certain treatment steps, such as hyperthermia and ablation, entail notably greater heat
than ambient temperature, necessitating consideration of changes in tissue dielectric
characteristics. Schwan and Li [11], measured the dielectric characteristics of
biological tissues at multiple frequencies and temperatures in 1953 and presented their
findings in terms of linear temperature coefficients. These coefficients indicate the
percentage change in conductivity or conductivity per degree Celsius [1].

Numerous studies have been conducted to investigate the dielectric properties of
various types of tissues, and their results have been published. These experiments
have utilized different frequency ranges and varying temperature values better to
understand the influence of these parameters on dielectric properties. Table 1 provides
a chronological summary of different studies conducted for dielectric measurements,

including the preferred frequency range and temperature coefficients. [1].

The calculated temperature coefficients were not included in the investigations that
were undertaken; instead, they concentrated on discrete frequencies between 915
MHz and 2.45 GHz. The use of linear discrete-frequency temperature coefficients
is impractical for ultra-wideband applications. This is due to the requirement that
temperature coefficients be supplied for each frequency and relevant temperature
range. Hence, this thesis presents a systematic measurement approach to assess
the temperature dependence of dielectric properties across a broad frequency range
of 0.5-10 GHz. The Cole-Cole parameters were employed to characterize the

temperature-related changes in dielectric properties over wide bandwidths. This



Table 2.1 : A chronological review of the information on temperature-dependent
dielectric characteristics [1].

References Tissue Type Frequency Range Temperature coefficient
(%°C 1)
[12] Several tissues 50, 200, 400, 900 MHz See reference
[24] Biological tissues Microwave %’ =2, % =-0.5
[25] Brain <0.1 GHz Lo =D %=
<2 GHz A7:2,%:small
7 GHz %"‘z—l,%:small
[26] Biological tissues Microwave %x = 1t02, % = —0.3r02
[27] Biological tissues Microwave ~2
(28] Muscle fibres 0.1-2.2-9.5GHz 8 =210 2,4 = small
[29] Myocardium 0.2-1.1-2.45GHz see referance
3-4-5-6GHz
[30] Bovine liver 915 MHz fo —1.82,% =—13
[31] Bovine and Porcine liver 0.3-3 GHz B=%x =2, % =—-0.04
P=%e =1.1,% = —0.17

method successfully determined the dielectric properties of different tissue phantoms
within the room temperature range of 50°C, encompassing frequencies from 500 MHz

to 10 GHz.



2.2 Tissue Mimicking Phantom

Synthetic fluids called "tissue-mimicking-phantoms" can imitate the characteristics of
a particular human tissue [32], [33]. Phantoms are widely used in various medical
sectors for tissue examination and evaluation of new tools. The use of phantoms in
healthcare began soon after the discovery of X-rays in 1896. Because of the high
radiation levels involved, scientists began working on materials that could resemble
human tissues. Water was originally the fundamental component of early phantoms
and is still a good option.

In the 1960s, Alderson et al. [34] developed a more advanced dosimetry phantom with
a human skeleton within the fundamental material.

During the 1970s, phantom development evolved to include numerous imaging
methods, such as computed tomography and mammography, and in 1989s Griffiths
et al. [35] produced a phantom of salt and water to be used in Electrical Impedance
Tomography [36].

Comparable electrical characteristics among human tissue and tissue-mimicking
phantoms are required. Several forms of tissue-mimicking solutions are used,
each using a different core material. These consist of hydrogels and polyvinyl
alcohol. (PVA) cryo-hydrogels, polyacrylamide-based gels, gelatin-based phantoms,
oil-in-gelatin phantoms, agar-based phantoms, agarose-based phantoms, plastic-based
polyvinyl chloride plastisol. (PVCP) phantoms, and magnesium silicate-based

phantoms [37], [38], [39], [40].

The selection procedure becomes essential in the search for acceptable phantom
materials that properly imitate the properties of real tissues. It is necessary to take
into account factors like radiological, electrical, and mathematical qualities. Gelatin,
agar, and agarose are suggested as materials for imitating tissue electrical properties
by Kandadai et al. These materials are favored because they are affordable, simple to
manufacture, readily available, and stable [41].

Another type of substance utilized for phantom fabrication is polyacrylamide gel, first

developed in 1984 by Bini et al. and further studied in 1988 by Andreuccetti et al.



These materials’ optical transparency and gel-like mechanical characteristics make
them desirable. Their short shelf life, which can range from a few hours when exposed

to air to a few weeks when kept in an airtight container, is a downside [2], [42].

Surowiec et al. in 1992, McCann et al., Davidson and Sherar, and other researchers in
2003 were more recent researchers to modify these materials. However, the processes
used to create these materials are intricate, sometimes calling for using chemicals that

might be difficult to come by.

Gelatin-based phantoms are chosen after analyzing multiple research articles and
weighing the pros and cons of different alternatives because they have the advantages
of being readily available, being simple to manufacture, and being easy to vary
electrical conductivity. Different amounts of gelatin are employed to make materials
with various dielectric characteristics. This formulation, however, does not allow
for persistent heterogeneous phantoms since the gelatin content is adjusted to obtain
variable dielectric characteristics.

Nguyen et al. [43] introduced the first microwave phantoms with thermal tissue
characteristics, specifically for microwave hyperthermia operations. Only a few
phantom designs that accurately simulate the temperature-dependent permeability of
different tissue types across a broad frequency range have been published in the

literature [5].

This work aims to produce gelatin-based tissue-mimicking phantoms and to have these
phantoms in a structure similar to the dielectric properties of body tissues. In this
way, they are designed to investigate temperature-dependent dielectric properties. The
measurements of these phantoms, which we produced in the following chapters, with
the help of an open-ended coaxial probe and the graphs of their dielectric properties,

are reported.






3. BACKGROUND

3.1 Dielectric Properties of Biological Tissues

The use of electromagnetic energy for medical imaging and therapy, as well as the rapid
growth of personal devices that emit electromagnetic energy at microwave frequencies,
have increased research into how electromagnetic waves interact with biological
tissues, particularly at microwave frequencies [2]. Essentially, the interactions
and propagation of electromagnetic fields inside biological tissues are governed by

dielectric characteristics.

The nature of the physical state of water in biological systems and the fundamental
physiological distinctions between normal and malignant tissue might both be better
understood at the molecular level with the help of dielectric research. According
to several researchs, the relative permittivity and electrical conductivity frequency
fluctuations are taken into account while dealing with tissues’ dielectric characteristics

[44].

Dielectric properties are not directly measurable characteristics. Therefore, the data
collected from measurement devices are converted into dielectric properties. The
fact that the dielectric properties of tissues vary with frequency has allowed for
their expression through mathematical modeling. The model developed by Debye to
investigate the frequency-dependent dielectric behavior of polar molecules has taken
on different forms in subsequent studies, and the expression called the Cole-Cole
equation has been frequently used in the literature to represent the dielectric properties

of biological tissues [6,7].

3.1.1 Basics of Tissue Dielectric Properties

Scientists developed several mathematical models to describe the characteristic behav-
ior of biological dielectrics. For illustrating complicated relative permeability, Debye

[10], Cole-Cole [11], and Cole-Davidson [12] equations are frequently employed. The



£ Debye equation

Figure 3.1 : Diagrams of Cole-Cole and Debye Equation.

cole-Cole model is frequently used to represent the temperature-dependent dielectric
characteristics of biological tissues. The Cole-Cole model’s coefficient parameter,
which stretches dielectric relaxation, is the cause of this. Instead of using alternative
approaches, this results in calculations that are more precise when expressing the
dielectric relaxation of biological tissues. In Figure 3.1, the advantage of the exponent

parameter is depicted.

The temperature-dependent dielectric properties are described by the complex relative
permittivity

£(w,9)=¢(w,0%)—ie"(0,0) (3.1)

and the effective conductivity as shown in equation 3.1.

o(w,9) = wege (w,19) (3.2)

Here the €’ is symbolized the relative permittivity reel component, €’ is symbolized
the imaginary component, & dielectric loss factor, @ the angular frequency and ¢ is

symbolized the e temperature.

3.1.2 Temperature Dependent Cole-Cole Equation

The three relaxation areas in the low, middle, and high frequency ranges define

the frequency-dependent dielectric properties of tissue [30]. Gabriel developed a
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four-pole Cole-Cole model to represent the spectrum from 10 Hz to 100 GHz
[31-10.3390@s19071707].

A€ (V) — € A& (V) — € o5(9)

V) = €o(V
00 =& T wg o) —a T T+ (0n0) - o

(3.3)

Here the €. is symbolizes the permittivity at high frequencies, A€, are are the
dispersion amplitude, T, the corresponding relaxation times, o the empirical

distribution components and oy is symbolizes the static conductivity.

To match the Cole-Cole equations to the experimental data at each temperature
that matches Equation (3), we utilize the Levenberg-Marquart method. For each
tissue, o are assigned to a constant number. Initially, by reducing the mean
absolute error throughout the desired frequency range, we establish the Cole-Cole
variables to suit the real component of the complex permittivity. In the next step,
we fit the temperature dependence of the Cole-Cole parameters using a second-order
polynomial, which is also recommended by Lazebnik [1]. Lastly, it is possible to

calculate the temperature-dependent dielectric characteristics by

€ it (D) = A1 0% + B9 +C)
Aeq fir(8) = Ay9% + B9 +Cy
Ty i () = A3 + B39 +Cs
Ay iy (V) = Ag®* + By +Cy
T fi(9) = As? + Bs® +Cs
o fit(¥) = Ag®* + Bg® + Co

The following parts provide the coefficients A, B, and Cn (n = 1,2,3,4,5,6) for the
various tissues. Lastly, it is possible to calculate the temperature-dependent dielectric

characteristics by

§fit(w7 19) = g}it(w7 19) - ig}/it(a)a 0)

Agy £t (D) A& fir (V) oy, fit (9)
= Eo fit (V) + , + — +—
’flt( ) 1+(l(1)’£'1_‘f,',(l9))1—a1 1+(za)r27f,~,(19))1—0‘2 1WE&)
(3.4)
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3.1.3 Tissue Dielectric Property Measurement Method

Numerous investigations on the dielectric characteristics of biological tissues have
been carried out over time, with major improvements in measuring devices and
methods. This research tried to describe how tissues behaved dielectrically with
respect to their physiological characteristics. One method entailed comparing the
dielectric characteristics of tissues in vivo and ex vivo by looking at how they
depended on the level of water at microwave frequencies. Scientists also examined
the distinctions between normal tissues and those with differences. Ex vivo or
animal measurements were utilized when required, while in vivo measurements on
people were preferred wherever practical. Gabriel et al.’s measurements and data
collecting immediately established themselves as the industry standard for describing
the dielectric characteristics of biological tissues. The established findings, which are
now considered to be the norm for biological tissues, were first made publicly available
as open source on the Federal Communications Commission (FCC) page and then on

the Ifac.cnr.it page of the Italian National Research Council (CNR) [23].

In the subsequent year, Lazebnik et al. conducted research on the dielectric properties
of breast tissue, aiming to assess the feasibility of microwave imaging for early tumor
detection. According to the study, the difference in dielectric characteristics between
normal tissue and malignant or cancer tissue, as seen in the data that was gathered,

might not be accurate enough for clinical detection utilizing this method.

Meaney et al. and Porter et al. looked into the dielectric characteristics of
heterogeneous biological tissues at the same time. They especially looked at frequently
used commercial dielectric probes and assessed how the composition of the tissue
being tested affected the observed dielectric characteristics [45]. The probe technology
is the most practical way of measuring the dielectric characteristics of biological tissue
at microwave wavelengths. In the next section open-ended prob technique will be more

explained.
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3.1.4 Open-Ended Coaxial Probe Method and Calibration

In research, the open-ended coaxial probe technique is frequently used to measure
materials with high dielectric characteristics and complicated permittivity. This
approach enables broadband measurements and gives sample form and size flexibility,

making it appropriate for a wide range of uses.

The open-ended probe method has a number of benefits. The ability to monitor
frequencies up to 50 GHz is provided by its first feature, wideband measurements.
Furthermore, because the probes may be employed with ease in liquids and semi-solid
materials, this approach does not need sample preparation. However, there are certain
disadvantages associated with this technique. The rather large measurement error,
which can reach %35 [14], is a problem. The approach also shows poorly reproducible
[22]. The network analyzer has to be sufficiently warmed up before the experiment
and the equipment must be calibrated correctly to provide reliable measurements [46].
The coefficient of reflection is measured using a coaxial probe attached to a network
analyzer to continue the measurements. Following that, an algorithm calculates the

material’s dielectric characteristics using the reflection value.

In this study, the DAK 3.5mm probe kit and Agilent N5230A PNA L network
analyzer be used for dielectric measurement as shown in Figure 3.2 and the frequency
range in this search was chosen to be 500 MHz to 10 GHz. To ensure accurate
measurements, the DAK 3.5 mm probe was initially calibrated before conducting any
measurements. To address the directivity, tracking, and source match errors that may
arise in a reflection measurement, a three-term calibration approach is employed. This
calibration method involves measuring three widely recognized standards to determine
and correct for these error terms. These standards are open, short, load (O-S-L). Open
is the measurement of air when the probe is empty. The short is the probe covered and
measured using a blocker. Load is the measurement made by using deionized water
and taking into account the temperature of the water. After these three standards are

measured, the calibration is completed and the desired items can be measured.
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Figure 3.2 : Dielectric measurement setup, Open-ended coaxial probe (OECP),
Vector network analyzer (VNA).

3.2 Preparation of Gelatin-Based Tissue Mimicking Phantoms

Gelatin-based phantoms are chosen after analyzing multiple research articles and
weighing the pros and cons of different alternatives because they have the advantages
of being readily available, being simple to manufacture, and being easy to vary

electrical conductivity.

Phantom samples created utilizing gelatin were examined in the literature. The study
considered various factors, including the accessibility of the materials employed,
production expenses, simplicity of implementation, and applicability across diverse
tissue experiments. An oil-in-gelatin phantom, which fulfills these criteria, was

produced using the preparation steps recommended by Lazebnik [2].

Initially, gelatin and sunflower oil are mixed in a beaker. After the mixture is heated up
to 90 °C in a hot bath and homogeneous, it is cooled to 50 °C and the desired amount
of the mixture is taken into another container and then Fairy brand detergent is added
and mixed. Thanks to the mixing process, an even appearance is obtained everywhere.

Afterward, formaldehyde is added and mixing is continued and it is allowed to cool
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down to 34 °C. It takes one day for the formaldehyde solution to chemically bind to

the gelatin and solidify the phantoms.

Table 3.1 : Quantities of materials added to the phantom. F.dehyde: Formaldehyde.

%0il Taken Add Oil Dish-washing (0.056 F.dehyde (0.0108 gr
Rate Mixture (ml) (ml) ml per ml of oil) per ml of mix)

% 5 95 ml S ml 0.28 ml 1.026 gr

9 15 85 ml 15 ml 0.84 ml 0.918 gr

9 35 65 ml 35 ml 1.96 ml 0.702 gr

% 55 45 ml 55 ml 3.08 ml 0.486 gr

1. The hot water jacket is adjusted to 90 °C, filled with distilled water up to the

reference point, and placed in the gelatin-distilled water mixture we prepared.

2. The mixture, which is heated up to approximately 90 °C, has a homogeneous
appearance. If there are air bubbles in the mixture taken from the hot water jacket,

they are removed, and it stays to reach a temperature of 50 °C.

3. Sunflower oil is added to another beaker, and the beaker is covered with a stretch
film to prevent water vapor from getting into the beaker, and heated up to 50 °C in

the hot water jacket.

4. In the gelatin mixture that becomes homogeneous, the desired amount is taken

heated sunflower oil is added and mixing is continued.
5. The emission is mixed until homogeneous and cooled to 40 °C.

6. While continuing to mix, 0.056 ml of dish-washing liquid is drawn per ml of oil

using a syringe and added to the beaker.
7. Then 0.0108gr per ml of gelatin solution was added to the mixture.

8. The formaldehyde solution is added to the mixture with the help of a syringe and

mixed.

9. After all the materials to be sieved are finished, mixing is continued until the entire

mixture reaches approximately 34 °C.
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Figure 3.3 : The oil ratios of the prepared phantoms are from 1 to 12, respectively:
%0, %5, %10, %15, %20, %25, %30, %40, %45, %50, %55.
10. The only color phantom formed as a result of the processes becomes an almost

white color in proportion to the increasing oil rate.

11. It takes approximately five days for the formaldehyde solution to chemically bond

with the gelatin and for the phantom to be ready for measurement.

In Table 3.1, the details of the application of sunflower oil, dishwashing liquid, gelatin,
and formaldehyde at certain oil ratios, as mentioned in the phantom preparation stages,
and the calculated values of the materials used are listed. In Figure 3.3, there is
a collective picture of all phantoms with different oil values. As mentioned while
describing the stages, the color of the phantom obtained approached white as the oil

content added to the gelatin mixture increased.
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4. MEASUREMENT OF DIELECTRIC PROPERTIES OF A TISSUE-MIMIC
GELATIN-BASED PHANTOM WITH A COAXIAL PROBE

4.1 Introduction

Biological tissues exhibit distinct dielectric properties due to the presence of polar
molecules, particularly water. These properties play a crucial role in understanding
the behavior of tissues when exposed to microwave frequencies. Analyzing these
behaviors can provide insights into the health status of the tissue, including whether it

is healthy or cancerous.

Nevertheless, it is not always feasible to extract tissues from the body for ex-vivo
experiments to characterize their dielectric properties. To overcome this limitation,
scientists have developed phantom materials that possess similar electrical properties to
those of actual tissues. In laboratory settings, coaxial probes are commonly employed
as a measurement technique to determine the dielectric properties of these prepared
phantoms. Coaxial probes offer numerous advantages, including simplified sample
preparation, the ability to measure across a wide range of frequencies, and ease and

speed of measurement.

4.2 Materials and Methods

The amount of gelatin used, the proportion of sunflower structure and the amount
of formaldehyde added while preparing tissue-imitating gelatin-based phantoms are
mentioned in detail in section 3. The phantoms prepared in this study were measured
using a 3.5 mm Dak probe kit and Agilent N5230A PNA-L network analyzer. The
3.5 mm Min Probe can measure in wide frequency ranges from 200 MHz to 20 GHz.
The measurement range was chosen in the range of SO0MHz to 10GHz due to the
compatibility with the literature comparisons to be made later. Thanks to the software
of the open-ended Dak 3.5mm probe, the dielectric properties can be converted into

numerical values. In this way, S parameters and permittivity values were calculated
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and recorded. These values were converted into dielectric and relative permittivity

graphs with the help of MATLAB.

4.3 Results and Discussion

In this thesis, measurements were conducted using 12 phantom OECP kits prepared
with oil ratios ranging from %0 to %55. The permittivity and conductivity values of
all measured phantoms were examined. For more accurate results, three measurements
were taken from the surface of each phantom, and the average of these measurements
was calculated. The obtained data was transformed into electrical properties using

Matlab.
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Figure 4.1 : Phantoms with %0, %5, %10, %15, %20, %25 oil ratio (A) relative
dielectric constants and (B) conductivity values change the frequency response.

As seen in Figure 4.1, it is evident that the oil ratio has significant effects on the

phantoms, as detailed. The measurements revealed that as the fat percentage increased
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Figure 4.2 : Phantoms with %30, %35, %40, %45, %50, %55 oil ratio (A) relative
dielectric constants and (B) conductivity values change the frequency response.

for the phantoms, there was a decrease in the relative permittivity and conductivity

values due to the low relative dielectric and conductivity properties of oil.
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S. TEMPERATURE DEPENDED ON DIELECTRIC CHARACTERIZATION
OF BIOLOGICAL TISSUE PHANTOMS USING AN OPEN-ENDED PROBE

5.0.1 Introduction

For many years, the dielectric characteristics of different tissues—that is, their
electrical conductivity and permittivity—have been evaluated at body temperature
[21], [12]. Most measuring modalities such as open-ended coaxial probes need
close contact with the material being tested, even during in vivo research,
measurement is usually made by lowering the temperature to levels close to body
temperature. However, some treatment methods like ablation and hyperthermia occur
at temperatures much higher than room temperature, and the resulting alteration
in the tissue’s dielectric characteristics needs to be considered [1]. In subsequent
studies, researchers the dielectric characteristics of biological tissues at numerous
temperatures and discrete frequencies. They then reported their findings using linear
temperature coefficients, which are expressed as the percentage change in permittivity
or conductivity per °C [11]. The tissue’s effective conductivity and dielectric
permittivity are strongly temperature-dependent, particularly in reaction to drying and
water vapor [1], [47], [48]. Protein coagulation causes dead cells in tissue exposed to
over 50 °C. At forty to forty-five °C, permanent harm to cells occurs after exposure
for more than thirty minutes, but at sixty-degree Celsius, protein denaturation happens
quickly [49], [50]. The aim of our study was to investigate how tissue phantoms made
using gelatin responded to heat. The construction of these phantoms was detailed
in Chapter 3. Various tissue mimics were produced following the steps outlined in
Lazebnik’s article. These tissues included liver tissue, blood, lung, and breast tissue.
Initially, the dielectric properties of these fabricated tissues at room temperature were
measured. Subsequently, the tissues were heated up to 50 degrees Celsius using a water
bath, and changes in their dielectric properties were recorded. After the heating process

was completed, the tissues were cooled back to room temperature, and dielectric
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properties were recorded again. We performed the same procedures for all tissues
and compared the results with real tissues by plotting them into graphs. This thesis
aimed to investigate the changes in tissue dielectric properties with heat, such as those
encountered in procedures like ablation for cancer treatment, and to observe how well

the tissues returned to their original properties after the procedure.

5.0.2 Materials and Methods

We prepared a total of 12 phantoms ranging from %0 fat content to % 55 fat content.
The dielectric properties of all phantoms were measured using an N5230A PNA
Series Network Analyzer and a DAK open ended coaxial dielectric probe kit and
thermometer. By comparing the dielectric properties of all phantoms with those of
real tissue, we identified four phantoms that exhibited dielectric properties consistent

with four different types of tissues.

Figure 5.1 : Temperature Depended Dielectric Characterization Measurement Setup.
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5.0.3 Results and Discussion

The phantoms, whose dielectric properties were measured and converted into
numerical data using Matlab, were compared with the data available in IFAC, and
phantoms showing similar properties to real tissues were identified. Subsequently,
another study was conducted. The first experiments were conducted on liver tissue
phantom, which has been extensively studied in the literature and is readily available

as a real tissue sample.
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Figure 5.2 : Mean of measured (a) relative permittivity and (b) dielectric loss of liver
mimicking phantom as a function of frequency at different temperatures, gathered
during heating-cooling cycles .

The phantom produced with a %30 oil ratio was measured using a vector network
analyzer and a DAK coaxial probe. Following a comparison between the data and the
electrical properties of actual liver tissue, a significant level of resemblance was noted.
The liver phantom, which has been demonstrated to accurately replicate actual tissue,
was subsequently positioned within the experimental arrangement specifically devised
to assess the temperature dependence of dielectric characteristics, as a component of

an additional study.
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Table 5.1 : Temperature coefficients of third order polynomial fit to the
temperature-dependent three-pole Cole-Cole parameters of Liver mimicking phantom

Adjusted
Parameters A (K3 B(K?) C(K™ D R-Square
Error
oo 0,20624 -0,04456 2,26853 26,0884 0,9769
&, 0,3536 -1073 -0.0396 1.3942 44.867 0.991
T -0.2386 (fs) 23.836 (fs) -0.8764 (ps) 18.928 ps 0.984
oy 7.5138-107° -0.7961-103 0.0257 -0.2317 0.972
&, 0.0173 -1.3035 25.348 1349.2 0.662
T 0.8111(ps) -2.1585(ns) 0.1519(us) 0.44538us  0.674
o -9.8622 -10°° 0.0010 -0.0376 0.9002 0.870
c -6.7682 (muS)  0.9276(mS) -0.0353(S) 0.4112 0.993

The phantoms, placed in a water bath, were heated from room temperature to 55
degrees Celsius, and measurements were taken from the phantoms at each degree
increment. Figure 5.2 presents the results of the measurements, showing the values
of relative permittivity and dielectric loss. These values were averaged at intervals of

five degrees.

As expected, temperature increases resulted in decreases in the epsilon prime values
(&', relative permittivity, of the phantoms. The decline may be attributed to several
sources. For example, the rise in conductivity as temperature increases or the enhanced
motion of atoms within the material caused by heat could result in a decrease in
the dielectric constant. As a result, this leads to a reduction in relative permittivity.
After the desired temperature is reached, the water bath is deactivated, and the heating
process is stopped. Measurements are ongoing as the liver phantom cools down. As
anticipated, when the temperature of the phantom recovers to room temperature, the

relative permittivity value starts to increase once more.

As seen, there is a crossover at 8 GHz in all heating-cooling graphs. The liver
mimicking phantom’s temperature profile functions similarly to that of the blood tissue

mimicking material.

At lower frequencies, the real component of the complex relative permittivity value
decreases as temperature rises; at higher frequencies, on the other hand, the real part

of the complex relative permittivity value increases as temperature rises. In terms
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Figure 5.3 : Mean of measured (a) relative permittivity and (b) dielectric loss of
blood mimicking phantom as a function of frequency at different temperatures,
gathered during heating-cooling cycles .
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of relative dielectric loss, this behavior is exactly the reverse. The calculation of
temperature-dependent Cole-Cole parameters comes next. Tables 5.1, 5.2, and 5.3
provide the coefficients for the third-order polynomials in the three-pole Cole-Cole

equation.

Next, we calculated the temperature-dependent Cole-Cole parameter coefficients,
which are shown in Table 5.3. In order to confirm the accuracy of the fitting procedure,
we lastly assessed the discrepancy between the fitted and measured data, as shown in
Figure 5.7-8-9-10-11-12. The differences between the observed and fitted data are

smaller than those found for dielectric loss and relative permittivity. Although we
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Table 5.2 : Temperature coefficients of third order polynomial fit to the
temperature-dependent three-pole Cole-Cole parameters of blood mimicking phantom

Adjusted
Parameters A (K™ B(K?) C(K™ D R-Square
Error
£ -0.0027 0.2642 -8.03103 77.970 0.939
&, 0.3082 -1073 -0.0396 1.3942 44.867 0.991
7| -0.2386 (f's) 23.836 (fs) -0.8764 (ps) 18.928ps 0.984
o 7.5138:107° -0.7961-107%  0.0257 -0.2317 0.972
&, 0.0173 -1.3035 25.348 1349.2 0.662
(%) 0.8111(ps) -2.1585(ns) 0.1519 (us) 0.445381us 0.674
(07) -9.8622 -107° 0.0010 -0.0376 0.9002 0.870
c -6.7682( muS) 0.9276(mS) -0.0353(S) 0.4112 0.993
Table 5.3 : Temperature coefficients of third order polynomial fit to the temperature
dependent three-pole Cole-Cole parameters of lung mimicking phantom
Adjusted
Parameters A (K B(K?) C(Kh D R-Square
Error
£ -3,1148-107> 0,0038 -0,1513 2,0062 0,234
&, -0,1395 -103 0,0108 -0,5147 62,383 0,997
7] -70,607(as) 9,4836(fs) -0,5503(ps) 18,163(ps) 0,996
o 1,9339-10~7 -7,0018 107> 0,0042 0,1469 0,860
&, 0,0398 -5,7831 234,88 -691,82 0,998
(%) 34,8149(ps) -2,5342(ns) 63,187 (ns) 1,8746(ns) 0,999
(07) -3,6530-10~7 0,14065 1073 0,12507 -10~3 0,0830 0,999
c 1,720(usS) -73,089(uS) -0,0031(S) 0,1416 0,967

were unable to obtain a reasonable fit for €. this time, the error is insignificant because

the parameter’s values are consistently less than 0.02 at all temperatures.

A great 7 value indicates a bigger dielectric property change concerning frequency,
whereas a small T value indicates a limited variation in frequency. €. and J€ are
relaxation values that change the slope of the dielectric property curves. €. represents
the relative permittivity at very high frequencies and o€ symbolizes the deviation
between static relative permittivity € and relative permittivity at very high frequencies
€. The symbol for ionic conductivity is o; Called Cole-Cole parameters, these are
usually fitted to measurements of the dielectric properties to represent wide-band data

with a small number of parameters.
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Figure 5.6 : Mean of measured (a) relative permittivity and (b) dielectric loss of lung
mimicking phantom as a function of frequency at different temperatures, gathered
during heating-cooling cycles.

The dielectric characteristics of the lung vary when the air content of this
tissue changes. Throughout this study, we successfully reproduced the dielectric
characteristics of a collapsed lung. Figure 5.6 displays the average values of the
measured relative permittivity and dielectric loss at various temperatures of a phantom
that mimics the properties of the lung. By observing the image, it is evident that
the temperature profile aligns with that of other phantoms, and this characteristic

corresponds to the data found in the literature.
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6. CONCLUSIONS

As electromagnetic wave-emitting devices began to be utilized for diagnosis and
treatment in medicine, the primary objective of this study was to investigate the
temperature increase in tissue caused by microwave energy, particularly in the
electrical dimension. There exists a direct correlation between dielectric properties and
electromagnetic energy, as the absorption of this energy induces heating in the tissue.
Understanding the changes in dielectric properties following this temperature increase
in the tissues and comprehending the distribution of temperatures within the tissue will
enable us to anticipate potential tissue damage. Another reason for conducting this
study was to comprehend the electrical alterations in tissue subsequent to the thermal
changes induced by treatments like ablation, as well as the early-stage diagnostic
methods and clinical applications employing electromagnetic waves. Hence, twelve
phantoms with tissue-like characteristics were fabricated for this study, with gelatin

utilized as the primary material for all phantoms.

The oil-in-gelatin phantoms were prepared in a laboratory setting using gelatin,
sunflower oil, dishwashing detergent, distilled water, and formaldehyde. A 3.5 mm
open-ended coaxial. probe was employed for all measurements. Experiments were
conducted within the range of 500 MHz to 10 GHz. To attain more precise results, three
measurements were taken from distinct locations on each phantom, and the dielectric
properties were determined by computing the average of all these measurements.
During the calculation of the dielectric properties, assistance was sought from a code,

and Cole. Cole parameters were utilized throughout the calculation process.

The measured dielectric values of the phantoms, both epsilon and epsilon prime, were
compared with the data obtained from IFAC. It was observed that three phantoms
containing 5 percent, 15 percent, and 35 percent oil exhibited similar characteristics
to the electrical properties of blood, lung, and liver tissues, respectively. Moreover,

the error rate remained below twenty percent. These three phantoms were once more
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employed to ascertain temperature-dependent properties. The phantoms were heated to
50 Celsius using a water bath and subsequently measured with an open-ended coaxial

probe within the frequency band of 500 MHz to 10 GHz.

To calculate the temperature-dependent dielectric properties, it was modeled by fitting

second-order polynomials to Cole-Cole parameters.

With fewer parameters, the second method enables the quantification of temperature
dependency over a wide frequency range. However, in this study, third-order
polynomials were employed to minimize the disparity between measured and
calculated data. Third-order polynomials proved effective in reducing the
absolute percentage error by up to %15. They were utilized to quantify the
temperature-dependent changes in Cole. Cole parameters, with the parameters fitted at
one-degree Celsius intervals. Since earlier studies demonstrated that a four-pole Cole.
Cole equation more accurately captures the dielectric characteristics of biological
tissue up to 20 GHz, a three-pole Cole-Cole equation was adopted for this research.
The dielectric properties calculated using third-order parameters were compared with
the electrical properties of real tissues documented in the literature, and error rates

were calculated.

Based on all the results obtained, oil-in-gelatin phantoms have proven to be successful
phantom types for tissue imitation. The dielectric properties measured at room
temperature enabled us to achieve similar properties in various tissues. Furthermore,
when evaluating the temperature-dependent dielectric properties in the second study;, it
has been observed that both the open-ended coaxial probe method and the utilization of
the third-order Cole-Cole equation to determine heat-dependent properties yield results
that are consistent with the literature. These results suggest a high potential for future

studies.
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