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Abstract

Uterine fibroids are the most common tumors of the uterus, wif0@80% lifetime prevalence
in women of childbearingage. Uterus sparing procedures are of increasing interest for the
treatment of fibroids to avoid surgical complications, preserve fertility, and reduce treatment costs.
Imageguided microwave thermal ablation is under investigation as a minimally-invasive
altemativeto gold-standardysterectomyoffering potentialto providesymptomalleviationwhile
preservinghep a t i fertility. dlgs dissertation presents studies towards the technical feasibility
assessment of hysteroscopic transcervical microwavei@abl@WA) technology for treating
uterine fibroids with the objective of achieving localized thermal destruction of fibroids while
precluding thermal damage to adjacent healthy tissues.

Computationaimodelsa powerfultool for thedesignandevaluationof candidateablation
technologiestequireaccuratespecificatiorof tissuedielectricpropertiesandhowtheseproperties
vary asafunctionof temperatureluringanablationprocedureThedielectricpropertiesof uterine
fibroids within the microwavefrequencyrangehavenot beenpreviouslyreported thus stunting
the developmentbf accuratanodelingtools. This study presentsfor thefirst time, the dielectric
propertieswithin the microwavefrequencyrange(500 MHz to 6 GHz) of humanuterinefibroids
excisedfollowing hysterectomyprocedures,and their variation acrosstemperatureganging
between23i 150 °C. At room temperaturg23 °C), valuesof & rangedbetweern44.557.5 units
with adecreasindgrendseenat higherfrequenciesaindher variedbetweer0.91-6.02 Sntt with an
increasingtrend at higherfrequenciesAt temperaturesloseto the watervaporizationpoint, U,
dropsconsiderablyi.e. to 12-14% of its baselinevaluesfor all measuredrequenciesThe e
initially risestill 98 °C andthenfalls to 11-13%of its baselinevaluesat 125°C for frequencieD

2.45GHz.T h e fdlows a decreasing trend for frequencies > 2.45 GHz and drops to ~ 6 % of



its room temperature valueBurthermore, parametric models of temperature amduency
dependent dielectric properties of uterine fibroids were presented, which can be readily used in
computer simulations for accurate modeling of MWA

While MWA applicators are in clinical use for a variety of indications, existing antenna
designs e not well suited to ablation of 113 cm type 2 uterine fibroids. Currently 2.45 GHz
applicators are used for the MWA of fibroid tissuteese antennas typically halemgeractive
lengths (~7-15 mm) compared to the radius @ype 2 fibroids A higher fequency 5.8 GHz
applicatorwhich was expecteth reduce the antenna radiating lengts investigatedA 5.8 GHz
watercooled MWA applicator, suitable for insertion into targeted fibroids via the instrument
channel of a hysteroscope, was designed fotrdrsgment of small fibroids (3 cm diameter)
using electromagneiibioheat transfer simulations. The prominent features of this applicator are
applicator diameter (2.15 mm < hysteroscope operating channel diameter ~ 3 mm), radiating length
(2.5 mm < radis of 1 cm fibroid), internal impedance matching (antenna return ldssdBi.e.
around 90% power transferred to anténadoalun forachieving neaspherical ablation profiles
to align withthe shape of the fibroiganda rapidtransition fromablatel to norablated regions
in the range~2-5 mm for 11 3 cmfibroids, respectively The fabricated applicator was tested in
ex vivoanimal tissue for the experimental assessment of computer models. To eliminate the
sources of variability which arenlierent in a biological tissue and to reduce the error in the
placement of monitoring temperature sensors, tissue mimicking phantoms were fabricated and
their thermal and electrical properties were experimentally characterized. Notahbrne
chromic plantom was developed for assessment of thermal ablation patterns from candidate

ablation technologies. Changes in phantom color were assessed following baseline heating studies



in a temperatureontrolled bath. During MWA experiments, spatial extents obrcohanges in
phantoms were used to characterize thermal profiles.

Preclinical studies of ablation procedures presume central positioning of applicators
within the targeted tissue; however, precise central placement of the applicators within the fibroid
may not be feasible in clinical practice due to limited control of instruments through the
hysteroscope. The impact of MWA applicator insertion angle and position within targeted uterine
was assessed for the treatment of type 2 submucosal fibroids.edpergmentally validated finite
element computer models, the sensitivity of ablation outcome asssssed with respett
applicator insertion angles (30°, 45°, 60°), depth and offset from the fibroid center (x1 mm for 1
cm fibroid and £2 mm for 3 cm fibid) while constraining the thermal dose in adjacent
myometrium i.e. 40 cumulative equivalent minutes at 43 °C (CEM43). Simulations indicate that
MWA is capable to deliver ~ 34.57.9% (within 30- 50 s) and ~ 34.983.6% (within 140 400
s) ablation veumes in 1 cm and 3 cm fibroids with applied power of 15 W and 35 W, respectively,
while limiting thermal dose to surrounding normal tissues to 40 CEM43. This study demonstrates
that 23 cm fibroids can be safely ablated when applicator position is VBR8D° insertion angle
and 12 mm displacement from the center of the fibroid.

To summarize, this dissertation presents development of computational and experimental
platforms for assessing the candidate technologies for MWA of uterine fibroids. &Hxz8
antenna for the ablation of smal.l (O 3 c¢cm)
methodology introduced in this dissertation can be extended to the designspiesifec MWA

technologies for other indications.
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Abstract

Uterine fibroids are the most common tumors of the uterus, wif0@80% lifetime prevalence
in women of childbearingage. Uterus sparing procedures are of increasing interest for the
treatment of fibroids to avoid surgical complications, preserve fertility, and reduce treatment costs.
Imageguided microwave thermal ablation is under investigation as a minimally-invasive
altemativeto gold-standardysterectomyoffering potentialto providesymptomalleviationwhile
preservinghep a t i fertility. dlgs dissertation presents studies towards the technical feasibility
assessment of hysteroscopic transcervical microwavei@abl@WA) technology for treating
uterine fibroids with the objective of achieving localized thermal destruction of fibroids while
precluding thermal damage to adjacent healthy tissues.

Computationaimodelsa powerfultool for thedesignandevaluationof candidateablation
technologiestequireaccuratespecificatiorof tissuedielectricpropertiesandhowtheseproperties
vary asafunctionof temperatureluringanablationprocedureThedielectricpropertiesof uterine
fibroids within the microwavefrequencyrangehavenot beenpreviouslyreported thus stunting
the developmentbf accuratanodelingtools. This study presentsfor thefirst time, the dielectric
propertieswithin the microwavefrequencyrange(500 MHz to 6 GHz) of humanuterinefibroids
excisedfollowing hysterectomyprocedures,and their variation acrosstemperatureganging
between23i 150 °C. At room temperaturg23 °C), valuesof & rangedbetweern44.557.5 units
with adecreasindgrendseenat higherfrequenciesaindher variedbetweer0.91-6.02 Sntt with an
increasingtrend at higherfrequenciesAt temperaturesloseto the watervaporizationpoint, U,
dropsconsiderablyi.e. to 12-14% of its baselinevaluesfor all measuredrequenciesThe e
initially risestill 98°C andthenfalls to 11-13%of its baselinevaluesat 125°C for frequencieD

2.45GHz.T h e fdlows a decreasing trend for frequencies > 2.45 GHz and doop$t% of



its room temperature valueBurthermore, parametric models of temperature and frequency
dependent dielectric properties of uterine fibroids were presented, which can be readily used in
computer simulations for accurate modeling of MWA

While MWA applicators are in clinical use for a variety of indications, existing antenna
designs are not well suited to ablation of B cm type 2 uterine fibroids. Currently 2.45 GHz
applicators are used for the MWA of fibroid tissues; these antennas tygieatylonger active
lengths (=715 mm) compared to the radius of type 2 fibroids. A higher frequency 5.8 GHz
applicator, which was expected to reduce the antenna radiating length was investigated. A 5.8 GHz
watercooled MWA applicator, suitable for insemidanto targeted fibroids via the instrument
channel of a hysteroscope, was designed for the treatment of small fibrddsr(diameter)
using electromagneiibioheat transfer simulations. The prominent features of this applicator are
applicator diametdR.15 mm < hysteroscope operating channel diameter ~ 3 mm), radiating length
(2.5 mm < radius of 1 cm fibroid), internal impedance matching (antenna return-li3siB i.e.
around 90% power transferred to antenna), a balun for achieving near sphéatoah givofiles
to align with the shape of the fibroids, and a rapid transition from ablated {abtated regions,
in the range ~& mm for 1i 3 cm fibroids, respectively. The fabricated applicator was tested in
ex vivoanimal tissue for the experimeait assessment of computer models. To eliminate the
sources of variability which are inherent in a biological tissue and to reduce the error in the
placement of monitoring temperature sensors, tissue mimicking phantoms were fabricated and
their thermal ancklectrical properties were experimentally characterized. Notably, a thermo
chromic phantom was developed for assessment of thermal ablation patterns from candidate

ablation technologies. Changes in phantom color were assessed following baseline heasg stu



in a temperatureontrolled bath. During MWA experiments, spatial extents of color changes in
phantoms were used to characterize thermal profiles.

Preclinical studies of ablation procedures presume central positioning of applicators
within the targted tissue; however, precise central placement of the applicators within the fibroids
may not be feasible in clinical practice due to limited control of instruments through the
hysteroscope. The impact of MWA applicator insertion angle and position watigieted uterine
was assessed for the treatment of type 2 submucosal fibroids. Using experimentally validated finite
element computer models, the sensitivity of ablation outcome asssssed with respett
applicator insertion angles (30°, 45°, 60°), tthe@nd offset from the fibroid center (x1 mm for 1
cm fibroid and £2 mm for 3 cm fibroid) while constraining the thermal dose in adjacent
myometrium i.e. 40 cumulative equivalent minutes at 43 °C (CEM43). Simulations indicate that
MWA is capable to deliver 34.1 67.9% (within 30- 50 s) and ~ 34.983.6% (within 140 400
s) ablation volumes in 1 cm and 3 cm fibroids with applied power of 15 W and 35 W, respectively,
while limiting thermal dose to surrounding normal tissues to 40 CEM43. This study deatess
that 23 cm fibroids can be safely ablated when applicator position is with@d3thsertion angle
and 12 mm displacement from the center of the fibroid.

To summarize, this dissertation presents development of computational and
experimental fatforms for assessing the candidate technologies for MWA of uterine fibroids. A
5.8 GHz antenna for the ablation of smal/l (O
The methodology introduced in this dissertation can be extended to the desigmspecific

MWA technologies for other indications.
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from all fibroid samples (n = 6, m = 12) and the blue curve represents data from a single
fibroid with 5 measurements. Solid lines degle mean envelope values and dotted lines
show the maximum and minimum envelope values for the dielectric measurements. Error
bars show the standard deviation of data taken from all samples............cccvvvieeennne 53

Figure 3.4 Comparison of ngrarametrizedlistribution of broadband dielectric propertieseaf
vivo human uterine fibroids (over the temperature range 238D °C) and bovine muscle
(over the temperature range 31i°C50 °C) at 915 MHz, 2.45 GHz and 5.8 GHz. Panels a, ¢
and e show the relatie  p e r my and panels i, ¢ and fshow the effective conductivity,
heff Of excised tissues. The red curves represent data from all fibroid samples (n = 6, m = 12)
and black curves represent data from bovine muscle samples (6 samples). Sadidoimes

the mean envelope values and dotted lines show the upper and lower envelope values for the
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dielectric measurements. Error bars show the standard deviation of data taken from all
STz 18] 0] (=S TSP 54

Figure 35 Parametrized distribution of broadband dielectric properties at 915 MHz, 2.45 GHz and
5.8 GHz over the temperature range 23i°C50 °C. Panels a, ¢ and e show the relative
per mi tandvpanely b, d and f show the effective conductitifyof excised human
uterine fibroids. Solid lines provide parametrized linear piecewise functions for the
corresponding neparametrized data illustrated by the dotted lines of the same.cal&6

Figure 3.6lllustration of raw dielectric measurements from six fibroid samples and parametrized
distribution of broadband dielectric properties at 915 MHz, 2.45 GHz and 5.8 GHz over the
temperature range 23 9C150 °C. Panels a, ¢ and e show the relative perritiivi and)
panels b, d and f show the effective conductiviy,of excised human uterine fibroids. Solid
black lines provide parametrized linear piecewise functions (mean, upper and lower
envelopes) for the corresponding raw data of six fibroid sanipletrated by the colored
o= L (= 0] [0 £ SRR 57

Figure 3.7 Error surfaces for the parametrized models of dielectric properties i.e. mean (panels a
and b), upper (panels c and d) and lower (panels e amav8lopes across all measured
frequencies and tEMPEIALULES.......ccciie e e eeeee e emme e s 58

Figure 3.8 Parametrized dielectric data of human uterine fibroids at 915 MHz, 2.45 GHz and 5.8
GHz as a function of thermal isoeffective dg€&M43). Panels a, ¢ and e show the relative
per mi tandvpanelyh, dand f show the effective conductitiyof excised human
uterine fibroids. Solid lines provide parametrized linear piecewise functions for the
corresponding noparametrizd data illustrated by the dotted lines of the same calab9

Figure 4.1 Transcervical hysteroscopenmncave ablation of fibroids; (a) anatomy of uterus ([58];
https://commons.wikimedia.org/wiki/File:Hysteroscopy.png), (b) insertion of transcervical
microwave applicator into the fibroid through the cervix via hysteroscope, c) a closer view of
applicator isertion inside the fibroid (d) Terminal portion of hysteroscope with channels with

different channels for optics, fluids and working channel for applicator insertian....67

Figure 4.2 Schematic forapplicat desi gn. OAO6 denotes the | engt
required for dielectric |l oading of the monc
el ement from the monopole junction, and 6D®6
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the longtudinal section view of the applicator. The cross sectional view from the feedline

cable and the tip of the applicator illustrates water channels and conductors.......... 73
Figure 4.3 Geometry of the model in CEKAL Multiphysics software...........ccccccvvviieeeerenn. 79
Figure 4.4 Demonstration of optimization of antenna radiation pattern in a 3 cm.target.81
Figure 4.9llustration of optimization for impedance matching................cccccciiiccvvvviinnnnnns 82
Figure 4.6 Setup for applicator evaluatioreivivobovine liver tissue sample................... 84

Figure 4.7A block of thermochromic tissue mimicking gel phantom at room temperatur&6

Figure 4.8 An example set of gel phantom illustrating gel discoloration from its room temperature
value (25 °C) at differermeak temperature values...........ccccceoeeeeiiiieeeiiiiiii e, 86

Figure 4.9 Sample sets displayed as aang®e to demonstrate the color change as a function of

temperature from 5@5 °C after white correction. Each set was comprised of 6 samples of

phantom which were heated at constant temperatures,5856°C, 60°C, 65°C, 70°C

and 75°C. The red cir@s show the points taken for extracting the RGB values....... 87

Figure 4.10 RGB values as a function of temperature obtained from 7 experimental sets. Sigmoid
function was used for parametric fitting of valuglseach color channel at temperatures
ranging from SE75OC ... ..ot 88

Figure 4.11 Schematics illustrating the measurement setup of gel dielectric praperties.89

Figure 4.12 Temperature dependent, addeffdctveec t r i C
c 0 n d u c tr)okgel phantomtat 915 MHz, 2.45 GHz and 5.8 GHz...................... Q0

Figure 4.13 Measurement setup for thermal properties of gel phantom. (a) Schematics of the
measuring setup, (b) The required sample dimensions for SH3 dual needle probe, and (c)
Actual measurement setup with thermal measuring equipment with gel sample inside the

custom designed sample holder based on the measuring equipment datasheet requirements.

Figure 4.14 (a) Setup for applicator evaluation in tissue mimicking gel phantom, (b) post ablation
SHCING Of tNEJEL.....ceeeeee e rene e 93

Figure 4.15 Fabricated 5.8 GHz watexded monopole applicators (a) prototype design, (b)
design compatible with hysteroscope length, and c) Measured |S11| of fabricated antenna in
1A= L= PP 96
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Preface

As a woman | can understand how difficult and painful it would be for the patiénts
uterine fibroids to swive with thesymptoms of uterine fibroid§ he occurrence of fibroids can
impactap at i ent 0s reproduct i v e ardeadme ¢casehafedilityool e r a | |
the patients compromisedlue to this diseas®linimally invasive technologies for the ttezents
for fibroids are needed to provide symptom relief to the patients p@gerving their fertility and
preventing the surgical contraindicatioisthis dissertationl, tried toidentify theresearch gaps
in developingminimally invasive needle bead thermal ablatiotechnologiedor uterine fibroids
and propose solutions to a few research questidnysintroducing the concept of transcervical

hysteroscopic microwave ablations for the treatment of fibroids
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Chapterl-l nt roducti on

Uterine fibroids are the most common gynecological benign tumors in females. The
worldwide prevalence of uterine fibroids has been estimated to range betwe&84% based
on thestudy design, method of diagnosis and poputativaracteristicgl]. In the United States,
the lifetime prevalenceof uterinefibroids in womenof childbearingageis ~70-80% [2]i [8].

Fi broids have a significant adverse 1 mpact
hospitalizations and affect productivif@][10]. 50-80% fibroids are asymptomatid1l] and
frequently go undetectg®], until the patient develops symptoms like dysmenorrhea, abnormal
uterine bleeding (AUB), incresad pelvic/bowel pressure, weight gain, urinary incontinence, pain
during intercourse, and in severe cases, can lead to complications during pregnancy/labor,
miscarriages and infertility11] [12]. Known risk factors for uterine fibroids include age, race,
reproductive status, family history, diet and comorbiditeeg diabetes, hypertensiofi)].

Fibroids are highly heterogeneous tissues in terms of their size, numivgrsition and
location[13] [14] [15]. Fibroids normally grow inside the muscular layer (myometrium) of the
uterus and can distort the morphology of the endometrial cavity. Unlike the normal myometrium
which contains organizesmooth muscle cells, fibroid tissues are composed of disorganized
smooth muscle cells separated by varying amounts of extracellular matrix (ECM) for example
fibronectin, collagen and proteoglycafis3], [16]. There can be multiple fibroids in a uterus
ranging from less than a centimeter up to ~34[LA)[16]. Thebroader classification of uterine
fibroids is based on the anatomical location of their growth which includesnsabsal (inside
or adjacent to the uterine cavity), ssrosal (at the outer wall of the uterus), intramural (within

the myometrium) and ird-cavitary (attached to endometrium by a thin stfll). As illustrated



in Figurel.1, the International Federation of Gynecology and Obstetrics (FIGO) classifies fibroids

[15] based on their positiowithin the uterine cavity or wall.

Sub-mucous

0 Pedunculated Intracavitary
1 <50% Intramural

2 >50% Intramural

3 100% Intramural,
contracts endometrium

Others

4 Intramural

5 Sub-serous > 50% Intramural
6 Sub-serous < 50% Intramural
7 Sub-serous Pedunculated

. o Endometrial Cavit
8 Cervical, parasitic i

. . . Peritoneal Cavity
Hybrid 2-5 (contains both endometrium and serosal layer)

Sub-mucous and sub-serous, each with less than half diameter in the
endometrial and peritoneal cavities respectively.

Figure 1.1 FIGO subclassification system for uterine leiomyoma.

Hysterectomy, surgical removal of the uterus, is the gold standard treatment for alleviating
symptoms in symptomatic fibroid patienf$l]. Symptomatic fibroids (mostly submucosal
fibroids) constitute ~3@0% of all hysterectomy cases in the United Stft8% [20]. Uterine
artery embolization (UAE)21] and myomectomy22] are among the uterirgparing treatments
that may be considered for patients with symptomatic fibroids. UAE aims to occlude the uterine
artery supplying a fibroid via trarsatheter embolization or laparoscopic occlusion. Mgciomy
refers to surgical removal of a fibroid while trying to preserve the healthy tissues of the uterus;
myomectomies may be performed via laparotomy (open sur{z8};)laparoscopy24] or via
hysteroscopy25]. Conventional surgical treatments are invasive and requpatiant admission

and general anesthesgadare associated with a prolonged return to daily activities. The complete



resection of subocosal fibroidg25] may require multiple resections/procedures with a risk of
perforating the notarget tissue$26] [27] [28], intrauterine adhesions or Asherman syndrome
[29], [30] [31], fluid overload[32], and can negatively impact the reproductive health of the
patient. Hence, patients desiring uterus pre
submucosal fibroids may desire less invasive procedures like thermal ablatios tfreatment of
fibroids especially for typel[3F[34]BH[MBeYi ds ( O 5
Imageguided thermal ablation techniques providenamimally-invasive alternativeto
gold-standard hysterectomy,with the potential for considerably less blood loss, shorter
hospitalization, faster recovery rates dader incidence of complications, adhesion formation
and potentialto preservethe p a t i fentility 6 Thermal ablation techniquesthat have been
investigatedor fibroid ablationinclude:high intensity focused ultrasound (HIFU), radiofrequency
ablation(RFA), microwave ablation (MWA), laser thermal ablation (LTA)) where the target tissue
temperature is raised to temperatures >5B4[38]. Moreover, cryablations have also been
used for treatment of fibroids; cryoablation procedures treat fibroids by lowering the tissue
temperature t620 °C[39] [38]. During thermal ablation, cytotoxic temperatures are indluice
the target tissue, leading to protein denaturation and cell death by coagulative necrosis in the
fibroid tissues. The surrounding myometrium gradually starts resorbing myoma which causes
shrinkage in fibroid volume thereby reducing symptoms. Unlile tieatment of malignant
tumors, the goal of fibroid ablation is symptom alleviation for which 100% ablation of the fibroid
tissue may not be needgtD] [41]. There is considerably more emphasis on thermal sparing of
normal uterus tissue to avoid further complicatif#ig. The extent of thermal ablation in fibroids
is typically assessed with contrasthanced imaging, with the ablation zone appearing as-a non

perfused volumdg42]. Hence, the objectivef fibroid ablation treatment is to maximize the non



perfused volume of fibroid for symptom rel{df3] by inducing cytotoxic temperatures (>686°C

[37]) in the fibroid tissue, while strictly minimizing the collateral damage to the surrounding
healthy tisues of uteru$44], [45] and the organs around utefd$] (e.g.bowel, bladderand
rectun) by ideally maintaining subblative temperatures in the adjaceo target tissues.

Microwave ablation (MWA) is under investigationas a minimally invasive thermal
ablativeapproachfor treatmentof uterinefibroids. MWA is alreadyin clinical use for treatment
of tumors in the liver, lung and kidn¢§7]. MWA offers the potential of producing coegntly
higher tissue temperatures for larger ablation volumes in relatively short duration in highly
perfused tissue. There has been a growing research interest in using MWA via perciifjeous
[11] and transcervicd¥9]i [52][44], [45] approaches for the treatment of fibroids.

The shape of the altian zone while using watercooled2.45 GHzmonopolamicrowave
applicator is ellipticglas depicted ifrigure1.2. This poses a technical challenge since the shape
of fibroids is mostly spherical. For maximum ablation coverage inside the fibroid, tissighape
of the ablation profile of the applicatshouldalign well withthe shape of the target tisstii&ere
exists a tradeoff between ablation volume coverage inside the fibroid and the safety of the adjacent
norttarget tissuesHence, there is a need of designing site specific ablation applicatose who

ablation profileis well aligned withthe shape of the fibroid tissue.
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1.1 Research Approach

A transcervical approach for fibroid ablation offers the opportunity for a minimally
invasive[53] access through a body cavity (cervical canal), thus minimizing the risk of damaging
the organs adjacent to uterus (such as, rectum, bladder and intestinal Thaek®sgl sparing of
adjacent tissues to the fibroid is of high priority in order tspeer ve t he womands at
children. Transcervical microwave myolysis techniqgue has been used in combination with
microwave endometrial ablation and ultrasound guidance in previous g&#lig$5], [56], [57].
The protection of endometrium, functional layer of the uterus where theyerntplants during
conception, remains a challenge in the transcervical approaches. Moreover, the myometrium

(muscular layer of the uterus inside which fibroid grows) also needs to be preserved as much as
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Figure 1.3 Transcervical hysteroscope microwave ablation of fibrojdsanatomy of uterus
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possible since it provides flexibility to the uisrto expand/contract during pregnancy/childbirth
[16]. Technologies for hysteroscopyided ablation of fibroids via a transcervical approach are
attractive for submucosal fibroids because of their reduced invasiveness compared to other
approachefb3] as illustrated irFigurel.3. Figure1.3 (a) was reproduced frofb8].

This dissertation reports on research conducted with the overall objective of developing

tools and methods to drive the technical feasibility assessment of transcervical MWA.



1.2 Research Topics and Cdnbutions

In this regards, this dissertation addresses the following research topics.
1.2.1 Dielectric property measurements of uterine fibroids

Dielectric properties determine how tiraarying electromagnetic fields interact with a
material. The temperatudependent dielectric properties (relative permittivity and effective
electrical conductivity) of fibroid tissue are essential for accuratepatational modeling for
fibroid ablation, which is an important tool for device design and assessment of procedural
parameters. From the literature, it is evident that the dielectric properties of other
normal/pathologic biological tissues vary consideradiross frequency and dynamically with
temperature during heatifg9]i [64]. Since fibroids do not naturally occur in most animals, there
are limited published data on dielectric properties of uterine fibroids. Studies on fibroid ablation
technologies have been restricted to the usxwivo animal tissues at their device development
staged44], [65], which may not be representative of uterine fibroids. Thus, the lack of data and
suitable parametric motde for describing the broadband temperatependent dielectric
properties of uterine fibroids is a significant gap in the literature.
Contributions:

We measured the broadband dielectric propertiesxofivohuman uterine fibroids over
the microwave frequency range of ®5GHz and temperatures ranging betweerl23 °C.
Fibroid tissue was obtained from a tissue bank, with samples shipped to the laboratory shortly after
surgical excision. These measurememtd associated parametric fits will enable modeling of
microwave devices for fibroid ablation and imagj6§] across a range of frequencies. This is one
of the few r@orts of temperature dependent dielectric property measurements of human tissue.

The methodology employed in this study can be adapted for measurements of other tissues excised



from human surgerie$:urthermore, the dielectric properties measured fornddibroids were
compared with the dielectric properties ef vivobovine muscle, @ommonly used surrogate
tissue[44], [65] for technologies developed to tredérine fbroids.
This contributionis discussed in detail in Chapter 3 and in the following publication and
presentation:
1 G. Zi a, J. Sebek, a nakeperiient ditleclrik prepérties di fiuenamp e r a t
uterine fibroids ovBRomednRhysrEogvExpregsmdenrevigw).enci e s,
1T G. Zia, J. Sebek, and P. Pr ak asimouterinedoromla d b and
tissuesover the ablative temperatureange 4" European Conference on Antennas and
Propagation (EUCAR2020),Copenhagen, Denmark; Mar-2®, 2020.
1.2.2 Transcervical MWA applicators for fibroids; design, testing and evaluation
MWA via hysteroscopy poses several unique challenges at the device development stage:
1) the diameter of the applicator should be small enough to fit through the working channel of a
rigid hysteroscope (3 mm) and 2) the ablation profile should be well collirtated fibroids (1
3 cm diameter) to limit damage to the adjacent endometrium and myometrium. Although MWA
technology has been in clinical use for the ablation of tumors in other organs, existing MWA
systems are not well suited to transcervical hystemscablation of fibroids. Firstly, the
electromagnetic wavelength inside the tissue is a function of frequency and affects antenna length.
The radiating monopole length of the applicator at 2.45 GHz {85 mm, which is considerably
larger than radiusfd. cm fibroid, and would thus require insertion of the applicator past the target
tissue. Secondly, the gradual faff of radial temperature profile from ablation zone to the
surrounding tissue introduces a tradeoff between volume of fibroid ablatetharate to non

targeted tissue. Thirdly, the shape of the ablation pattern should match the shape of the fibroid



(mostly spherical) for maximizing the volume coverage of ablation inside fibroid while
minimizing the damage to surrounding tissues.

To addres these aforementioned challenges new MWA applicators need to be designed
with an outer diameter less than the working channel of a hysteroscope (3 mm), a shorter radiating
length of the antenna, provides spherical ablation pattern3am fibroids and sharp transition
of radial thermal profile from ablated tissue to thermally unaffected tissue to reduce the damage to
adjacent tissues. Furthermore, since there are no established models to estimate the performance
of candidate fibroid ablation technoleg during device development, the development of
experimental platforms for benchtop evaluation of MWA applicators would provide a means for
systematic evaluation of candidate technologies.

Contributions:

High frequency applicators offer the opportunfty shorter antenna lengths and the
temperature rolbff at the target tissue boundaries may be sharper due to smaller wavelengths and
higher attenuation. Therefore, to improve the ablation outcome while minimizing the damage to
adjacent tissues, we intggmted microwave ablation systems operating at 5.8 GHz for central
placement inside the target tissue which is well suited for MWA of fibroids via hysteroscopy and
provides a nearly spherical ablation pattern insiBecin target tissue. The 5.8 GHz apgptor
presented in this study has some unique features well suited to the precise ablation of small uterine
fibroids: 1) reduced diameter i.e. 2.15 mm < 3 mm to fit inside the hysteroscope working channel,
2) shorter radiator length 2.5 mm(does not reqte penetration beyond the fibroid boundary), 3)

Low reflected power using an internal impedance matching element and 4) Spherical ablation
pattern, sharp thermal transition at the boundaries of fibroid and limited backward heating along

the shaft using Wan, insulated monopole and water cooling. The applicators and design
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framework presented in this dissertation can also be potentially employed for the treatment of
small sized tumors in other organs of the body.

For testing and evaluation of the apptors, we developed computational and
experimental platforms usingx vivo animal tissues and tissue mimicking phantoms. The
characterization of MW applicators using biological tissues is limited by the tissue heterogeneity
and variability. Thermachromictissue phantoms with biophysical properties mimicking target
tissue properties are useful tools for development, assessment, and thorough characterization of
potential ablation devices since the variations in the medium can be controlled and quangéfied. Th
parametric models developed for the dielectric properties of fibroids in the course of this
dissertation were used tiesign and characterize polyacrylamide based tissue phantoms. Apart
from the dielectric measurementse tthermal properties of the phantom were also recorded using
a dual needle sensor. A framework was designed to modify and tune the phantom praoperties
mimic those of uterine fibroid tissu&hermochromic phantoms with a gradual change in color
from light yellow to dark magenta for a temperature range of 50 96 °C were used to
characterize the spatial extent of heating profiles. The experimental resxitawoanimaltissues
and tissue mimicking phantoms were compared against corresponding isinsulsing specific
absorption rate and thermal ablation profiles to develop a testing platform for MWA candidate
devices for fibroid ablation. The methodology presented in this study can be used for MWA of
other sie-specific thermal treatments.

This catribution is discussed in detail in Chapter 4 and is published in the following
article.

1 [44] G. Zi a, J. Sebek, E. Al var ez, and P. Pr

myometrium during micr owayv42ndaibnua tnteroatioriao f ut
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Conference of the IEEE Engineering in Medicine Biology Society (EMB() 2020, pp.
5263 5266.
1.2.3 Assessment of device positioningnd tissue dielectric properties on fibroid
ablation outcome

Hysteroscopy approach places constraints on the georpatameters for advancing the
applicator into the fibroids which are located in different anatomical locations inside the uterus.
The limited range of insertion parameters that can be achieved with a rigid hysteroscope may
present technical limitations thi regards to accurate central placement of the applicator for
maximum ablationAblative approaches are typically designed for an extensive range of fibroid
sizes however, less attention has been placed on applicator insertion inaccuracies which may
impad outcomes following ablation procedurésorder to assess the effects of device positioning
on the ablation outcome,xgerimentally validated computer models are needed for the
transcervical hysteroscopic ablation of fibroids.

Ex vivo bovine muscle is often used as a surrogate tissue for fibraidsing the
development stagef ablation device$44], [65]. Due to the limited data available on physical
propertiesof uterine fibroids it is unclear if bovine muscle is a suitable representative surrogate
Hence,it would be informative tawcompare the ablation profiles oandidatedevices in bovine
muscleand uterine fibroids.

Contributions:

Computer models for the transcervical hysteroscopic ablation of fibroids with the 5.8 GHz
applicator were developed and validated with the benchtop experimental tools (developed in study
2). Using the computer models, the ablation outcome were evaludtedespect to applicator

insertion angles (30°, 45°, 60°), depth and offset from the fibroid center (x2 mm for 3 cm fibroid
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and £1 mm for 1 cm fibroid) with 35 W and 15 W applied power for 3 cm and 1 cm fibroids,

respectivelyThe study demonstrates thehaical feasibility of transcervical microwave ablation

for fibroid treatment and the relationship between applicator position within the fibroid and

fraction of fibroid that can be ablated while limiting thermal dose in adjacent myometrium. This

contributon will help clinicians identify the range of insertion angle apglicator tip positions

which yield acceptable ablation profiles depending upon the patient anatomy and fibroid size,

location and depth inside the uterus wall. Moreover, the methodogtaped in this study can

be used for other sHgpecific treatments to investigate the role of device positioning on the

outcomes of ablation.

This contribution is discussed in detail in Chapter 5 and is published in the following
article.

T [45]G. Zia, J. Sebek, J. Schenck, and P. Pr ake
2 uterine fibroids via a hyster oBomedpPhys appr
Eng. Expressvol. 7, no. 4, p. 045014.

The effect of tissue dielectricproperties on thdibroid ablation outcomes was also
evaluated. Thelielectric properties measured taumanuterine fibroidsin Chapter 3 were used

in the validated computational models and the ablation outcomees compared with &

surrogate tissueek vivobovine muscle) models. Since human uterine fibroids are not easily

accessible, this contribution will help identify tBgtent of accuracy in usirtfis surrogate tissue

during device development.
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Chapter2-Backgr ound

2.1 Introduction

This chapter reviews the state of the art of thermal needle ablation devices and technologies
for fibroid treatment, with particular attention on fteysics behind the tisstenergy interactions
used in the ablation technologies, guidance techniques employed for the placement of device in
the fibroid, imaging for monitoring of the treatment outcomes, factors influencing the treatment
outcomes and sdiwns proposed to improve the treatment of fibroids through needle based

thermal ablation.

2.2 Needle based thermal ablation technologies for uterine fibroids

2.2.1 Overview of ablation technologies

The most common needle based thermal ablation technologies used for fibroid ablation are
laser thermal ablation (LTA), radiofrequency ablation (RFA) and microwave ablation (MWA)
which utilize lasersyadiofrequency curreniand microwaveenergy respectivly. Figure 2.1
represents the position of lasers, rddémuency currentand microwaves in the electromagnetic
spectrum. Lasers are the most energetives out of the 3 electromagnetic waves under

consideration. Laser spectrum encompasses ultraviolet (180 nm), visible (400 nm) and infrared

Radiofrequency currents —DI
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Violet \ ( waves
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Figure 2.1 Electromagnetic spectrum representing the wavelengths of lasers, microwav
radio waves.
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(700 nm) regionsRFA depend on Joule heating when passialiernatingcurrens typically in
the frequency rangefo- 100 kHz- 1 MHz. Microwaves are high energy radio waves in the
frequency range of 300 MHz to 300 GHz (i.e. wavelengths = 1 thm).

Regardless of the modality used for thermal therapy, the generation of supraphysiological
temperatures (>4€C) inside biological tissues induces changes in the tissue medium at cellular,
molecular and structural levell87]. The physiologicaleffects oftissueheding changes with the
change in théissuetemperaturg47]. Reversibleehanges like enhancement in metabolic activities
of the cells, blood perfusion and oxygenation happen from54C. Around 5665 °C), protein
denaturation happens. Above 55 °C, coagulative necrosis happens till 100 °C. As biological tissues
contain high pecentages of water, vaporization occurs from-120 °C. Above 120 °C, tissue
charring/carbonization takes place. The design and development of fibroid ablation technologies
is guided by the clinical goals for the thermal therapy of fibroids i.e. to maximonperfused
volume inside the fibroids (> 55 °C) for symptom relief while minimizing the damage to
surrounding tissues (< 45 °C). It is important to note that the thermal dose accumulated (related to
the timetemperature history) inside the targetussffects the perfusion, electrical, mechanical
and thermal characteristics of the target tissue and is responsible for the changes [G7issue
Ablation outcomes are often estimated using wiative equivalent minutes at 43 °C (CEMA43)

thermal dos¢68] which is defined as follows

m
—>

00bao Y Qol (2.1)
wheret = time for which tissue was kept at temperafljre = compensation factor per °C change
in temperature i.e. fof> 4 3R=0.5 andfoT O 4 3R =0.25. The fibroid ablation volume
is indicated by 5%0 °C temperature contour or in terms of 240 CENBE where the protein

denaturation and tissue coagulation occurs. The safety of the surrounding tissues is monitored
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using 45 °C contour or 40 CEMA43 thermal dose which defines the threshaleebeteversible
and irreversible thermal effects to the tisft@ [45].

The heat transfer happening inside the fibroid tissue due to any electromagnetic heat source
can be matheatically approximated by Penridsoheat equation which is given by equatib.

"o nJaYY 0 a4 o Y Y (2.2)

where” G volumetric heat capacity [J#7C?], T = temperature [°C], k thermal conductivity
[Wm?°C1], 0 = electromagnetic heat sourde, = temperature dependent blood perfusion in
tissue A = specific heat capacity of bloodY = physiologic temperature of the blood (37 °C)
and t = time (s).

For each ablation ec hnol ogy, t hebOéheaits sdiufr cer enetr myh

explained for each technologytime followingsections.
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2.2.2 Device guidance approaches
Therearecurrentlythreetypesof deviceguidancemechanismn usefor the needlebasedhermal
ablationof fibroidsi.e. laparoscopicpercutaneouandtranscervicdtransvaginabpproactwhich
arediscussedn detailin thefollowing section.

2.2.2.1 Laparoscopic approach

As an alternativeto hysterectomyor myomectomy[71], laparoscopicablation can be
employedor thetreatmenbf fibroids [72] [73] especiallythoselocatedat challengingsitesinside
the uterus.Unlike an opensurgery,wheredifferentbody layersare cut to exposethe site of the
procedurefor tissueextraction,in laparoscopi@blation2-3 smallabdominalincisionsaremade
to provide visual assistanceo the surgeonfor the placementof ablationdeviceat the desired
locationinsidethefibroid. Following are thenaincomponentsf thelaparoscopi@abdation system
(shownin Figure2.2).

Laparoscopic Printer LAPAROSCOPIC ABLATION OF FIBROIDS
images Standard Light Source

laparoscopic Camera box
Insufflator

el

—
Generator A

\_ /)

Bellybutton/
Port for camera

Ultrasound  Ablation device

Placement from outside

[ |
0
=
® |
O Port for Incision for
¢
0
4

Video monitoring

Figure 2.2 Schematic illustration of laparoscopic ablation of fibroids.
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A laparoscopg5 or 10 mm, zero degree[72]) is usedfor direct visualizationof the
treatmentocation.A laparoscopés a narrowtubefitted with a 3D videocamerawvhichis inserted
througha 5 or 10 mm umbilical trocardependinguponthes u r g etandaddsractice[74] to
visualizethetreatmensite. The systemalsoincludesa standardaparoscopid¢ower consistingof
camerabox, light source printeranda surgicalinsufflator. A surgicalinsufflatorfills CO;, gasin
theabdominalcavity allowing betteraccesgo thep a t i amatam@asdsurgicaltools.

In aclinical settingfor fibroid ablation[75], [76], alaparoscopialtrasoundAloka SSD
4000 ultrasoundyystemis employed witha standard Aloka LUS transducer (US3526L-7.5;
Hitachi Aloka Medical, Wallingford, CT, USA which is arigid, side firing laparoscopic
ultrasoundtransducemith a diameterO 10 mm, and flexible tip for improvedscanningandis
placedovertheuterusviaa 10 or 12 mm suprapubidrocar[71],[75][78][79], [80]. The proximity
of thetransduceto thefibroid allowsuseof highfrequencie$5.0MHz, 7.5MHz, and10.0MHz)
with increasedesolution[77], [80]i [83] andpermitsdirectimagingfrom multiple directionsand
angles;1) to maptheinsideof the uterus,2) identify thetargetfibroids for needledeviceinsertion

and 3) gaugethe depth of insertion of ablation applicatorinside the fibroid and 4) ablation

monitoring for hyper echogenic changes on the ultrasound images which are produced when the

fibroid tissue reaches ablative temperatures (> 6@A€Xo microbubble generatifpdl] .
An exampleneedleablation device inserted percutaneouslythrough the skin) under
laparoscopguidanceis shownin Figure2.3. Usually,needlediametergor percutaneoussertion

are~2 mm|[84].
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Figure 2.3 Laparoscopic image of needle applicator after radiofrequency ablat@ge is
reproducedrom Galen et al.JSLS 2014[20] (open access article with creative common license
https://creativecommons.org/licensesfiiynd/3.0/us/ Annotations weraddedover the image

Laparoscopic ablation can be performed in an outpatient setting under general anesthesia.
In a premarket, prospective, single arm, multicenter (11 international centers) clinical study
conducted for laparoscopic RFA of fibroids, Lee et[@B] reported a mean procedure duration
of ~2 + 1 hours and patient return to daily activities in ~ 3 £ 2 days. In a post market, prospective,
single arm, multicenter analysis, Braun et[85] reported patierdischargeon the day of surgery
with mean outpatient hospitalization time7~+ 3 hours The safety of the procedure is highly
dependent on the skills of the surgeon perfogiire laparoscopic surgery with the ablation device
[72]. Nonetheless, compared tioe open surgery, laparoscopic ablation of fibroids offers the
benefits of shorter procedure, reduced blood loss, loweteesention rates, and lower elective

caesarian rates following the procedure.
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2.2.2.2 Percutaneous approach

Percutaneous thermal ablation is a method in which a needle based energy applicator is
inserted by puncture or minor incision through the skin of the abdomen to reach the fibroid. The
percutaneous technique is employed to treat fibrouith less incisionsas compared to
laparoscopic approach and for the fibroidsch are iraccessible or challenging to approach with
a vaginal approac[86]. To assst percutaneous puncture, the bowel is displaced away from the
puncture site in the abdominal wggl7].

The system comprises of the following components wareshown in the block diagram
in Figure2.4. A percutaneous needle applicatdth a diametetypically O2 mmis normallyused
to ablate the fibroidi88] and areal time imagingultrasonographyor RFA [89] and MWA[90]
or magnetic resonance imagifigRlI) for laser ablatiorfi87] is employed to help guide and insert

the nedle applicator inside the fibroid and to monitor the abld88h
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Figure 2.4 Schematic illustration gbercutaneouablation of fibroids
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Transabdominal ultrasound probe frequency normally used for fibroid imaging lies
between 2.64.5 MHz[90]. During red&time ultrasound imaging, the ablation is monitored for
hyper echogenic changes in the fibroid as an end point of ablation.-elgipees on the ultrasound
images indicate the propagation of heat which resulted in ablative temperatures (> 60 °C) across

thefibroid [41] as illustrated irFigure2.5.

/e‘
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Fibroid

(a) (b)

Figure 2.5 Percutaneous ablation 6broid (a) MWA applicator placed into the fibroid under
ultrasound guidance and (b) MWA of fibroid as seen ontrged ultrasound image$nages are
reproduced fromlerardi et al.,Seminars in Ultrasound, CT and MR2021 [46] (with the
permission of the jamal. Annotations were added over the image).

In a study{87] conducted for percutaneous laser ablatbfibroids using realime MRI,
patients with empty bladder were asked to lie down in supine position in the open MR scanner and
a magnetic field was established by placing flexible coil around the lower abdomen of the patient.
MR compatible (normagneit) needles were placed inside the fibroid using an infrared LED based
flashpointtracking device (Image Guided Technologies, Boulder, CO). Once the needle was

confirmed to be at the right spot, inrtescarwas removed and the bare laser fiber was inderte

through the outer sheath. The thermal ablation was monitored usidgeaimage processing
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software. The software produces real time maps of thermal ablation usingigtited MR

imaging signals as illustrated figure2.6. The images were updated every 3.0 seconds.

Figure 2.6 Real time monitoring of ablation in percutaneous -BiRded lase@blation Laser
fibers are insertedia MR-compatible needlesmage is reproduced froraw et al.,JMRI,2000
[87] (with the germission othe journal. Annotations were added over the image).

The percutaneous procedure is normally performed ihoapital settingunder local
anesthesia (injected to numb the insertion 4&4] or intravenous sedatiof®2] (to alleviate pain
and anxiety and reducpatient movement during the treatmie In a study conducted for

percutaneous microwave ablation, Zhao e{@8] reported a redian treatment time of ~ 46 min

and only one night of hospitalization
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2.2.2.3 Transcervical approach

Transcervicabblationapproachs consideredhe leastinvasivemethodfor intra-uterine
treamentof fibroids in which a needle based energy applicator is insertedetdibroid through
the cervical canal. The cervical canal is a natural body passage from vagina to uterus, hence
transcervical ablation is incisionless with negligible risk dfanaterine adhesiorf29] [40]. The
penetration of needle inside the fibroid, real time image guidance and scalable volufeidns
makes it possible for transcervical ablation to treat the fibroids which are unapproachable or
untreatable via hysteroscopic myomectd®v] [95].

The main componegbf a transcervical ablatisystemarel) needle applicatdior fibroid

ablation an®) imaging systemas illustrated irFigure2.7.

TRANSCERVICAL ABLATION OF FIBROIDS

\_ /)

Bellybutton

T

Applicator insertion
through vaginal cavity

|

Distending

Placement from outside

Intrauterine ultrasound

Ablation Device

Video
monitoring

Figure 2.7 Schematic illustration of transcervical ablatiorfibfoids

23



Intrauterine lirasound probds used toprovide real time imageguidancefor needle
inserticon and monitoring of ablationintrauterine ultrasound image provides high resolution
images of the uterus and nearby structures (e.g. bowel, bladderylffasound probe image is
curvilinear,with s90° field of viewandtransmit frequency of 4:8 MHz which providesnore
than 9 cm penetration. Intrauterine ultrasound eliminates the challenges faced in conventional
transvaginal sonography as the imagatane is always directed at a 90° sector to the probe, hence
there is only a single imaging plane rather than the sagittal and coronal[g@nes

A hypotonic fluid e.qg. sterile water or 1.5 % glycine may be infused into the uterine cavity
in small amountg10-15 mL) through the device for better visualization of uterus walls on
ultrasound imagel®5] [96]. It is to be noted that there are mportedcontraindications of uterus
injury with the use of such small volumes of distending ffoidacoustic couplingThe external
orifice of the cervix which is a centric opening from vagina is normally clf&dTo insert the
device transcervically into the uterus, the cervical dilation may be needed. Depending upon the
diameter of the device the cervix may be dilated9-r@m either mechanically, osmotically or
pharmacologically95] [98] [99]. The overall diameter and the length of the device is kept within
the limits of cervical dilationReal time ultrasound images with thermal safety borders overlaid
on the images$with graphical guidance togléelp the clinican in device insertion and ablation

monitoring[95] as illustratedn Figure?2.8.
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Figure 2.8 Transcervical radiofrequency ablation system for fibroid treatment. (a) Device
(introducer) inserted into the fibroid via cerwith [UUS probe guidance, (b) Software projecting
ablation boundaries over the graphical ultrasound guidance interface based on electrode tip
location and temperature sensor measurements, (c) Projection of ablation and safety contours over
the ultrasoundmage, and (d) Needle electrode deployment to achieve desired ablation sizes
according to the predicted ablation contours from the software. Image is reproduc@ditoet

al., Curr Obstet Gynecol ReR017[40] (open accesarticlewith Creative Commons Attribution

4.0 International Licenséttp://creativecommons.org/licenses/by/%.0/

The transcervical ablation doestrequirehospitalizatior{40] except when itd a clinical
necessity based [88hA general irhalatidn anesthesiadlocal anesthesia or
conscious sedi®n may be utilized by the clinician in consultation with the anesthesiologist based
on the patient specific procedural requirem¢@t. Toub et al[40] reported thapatiens return
to normal activities in~ 4 = 3 days post proceduia a multicenter study conducted for

transcervical radiofrequency ablation of fibroj@5], [100].
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2.23 Laser ablation of fibroids

Laser ablation was the first ablative procedure used for the treatment of fibroids in early
1990s[41], [42]. Laser ablation devicesly on theabsorption of laser light in target tisSu®3].
The absorptn of light in the chromophores (light absorbing components of the tissue i.e. water,
hemoglobin and melanin) can generate heat in the tj464¢ These photehermal effects can
cause cellular death through coagulative necrosis in the {886ghence forming the basis of
laser dlation. The laser source settings (power, energy, and treatment duration), laser light
wavelength (near infrared range of the electromagnetic spegirumappl i cat or 0 s
characteristics (beam profile, spotsizeand pulsedurfdi®})) and ti ssueds physi
thermal) properties are the main factors contributing to the ablation volumes resulting from laser
ablation[106] [107]. The absorption of light can be characterized by the laser wavelength and
tissue typdg108]. The penetration depth is inversely proportional to the wavelength of188¢r
Optical penetration of lasers is observed to be more in the tumor cells as compared to healthy
tissuegypically ~800 nm or ~1064 nffi10]. The proximity of the target tissue from the blood
vessels can reduce the ablation size due to blood perfusion gtfetis

The diffusioncee f f i ci en&%® dfmml) i, g h tn,J1i18] ean ke Wefined bys s u e

equaion 2.3.

A
$ A A A (2.3)

whereA = absorption ceefficient (mm1) and
A = reduced scattering agfficient in target tissue (mwh) which is given by equation 2.4.
A Ap Q (2.4)
where g is the anisotropy factaccounting for directionally dependent scattering effects. The

effective attenuationee f f i @i 6 n {*Ynoand be described by equation 2.5.
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A oA A A (2.5)
The heat distribution inside the fibroid tissue as a result of deposition of laser energy is explained
by the Pennes bioheat equation (éqg(wd)msan 1) w
function of time and light fluence ratehweh is given by the equatich6.
1 1 AR (2.6)

Where 06006 = | i gh?3 whicHisadumatien ofragial distaqcé/from e
S 0 u fi G{nem).o

Laser applicator comprises of a laser source and laser fiber tip. The most common laser
sources used in fibroid ablation are 1) Neodymium:Yttrium Aluminum Garnet laser (Nd:YAG
with 1064 nm{101][102][113][114] and 1068 nni115] wavelength) and 2) Diode Lasers (with
805 nm[116]and 810 nnj87], [117][118], [119] wavelength), since optimal penetration of light
is achieved in the neanfra red spectrum for tissue ablatifif?0]. Nd:YAG lasers for fibroid
ablation employ ~5@0 W laser power for ~280 min based on the guidanceheitjue, size and
number of fibroid4101] [102][113] [114] and in some cases based on the temperature feedback
[115] . Laser diodes have similar tissue penetration as Nd:YAG laser however diodes are less
cogly and more portablgL07].

The laser light is delivered usingser fiber which is inserted perpendicular to fibroid and
placedwithin the centrategionof the fibroid via needles. Flexible bare tip fiber with 38D nm
diameters are introduced into the tissue via 21 G nedii2¥ and produce neapheical
ablations of 1215 mm diameter. Multiple coagulations are made on entire surface of myoma with
~5-7 mm spacing between each coagulafidi] [102]. For a 5 cm fibroid, on an average BB
coagulations were performétll3] [114]. Multiple fibers (ip to4 fibers) provides the flexibility

of treating tumor sizes >2.5 cfh20] [111] and also targeting multiple small tumors in a single
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operation. Beam splitters or mu#tource devices have been used with multiple fibers for
delivering light to each fiber simultaneou$iy09] [111] for fibroid treatment.

2.2.3.1 Laparoscopic LTA

Laparoscopic laser ablatidvas beeperformed with Nd:YAG (1064 nm) laser source and
bare tip laser fiber (Sharplan 2100 apparatus;Avel, Israel) and 80 W apmd power with
operating time ranging from 246 min for the treatment of large intramural fibroids8(8m
diameter) or multiple fibroidd.aser fiber was inserted perpendicular to fibroid and placed at the
central part of the fibroid via needlédultiple coagulations were made on the entire surface of
myoma with ~57 mm spacing in each coagulation. The mean fibroid volume shrinkage was 41%
after 6 months and no regrowth or decrease in volume of fibroid was reported at 12 months.
However, the procedure waecommended only for large intramural fibroids which are difficult
to treat with myomectomy in patients having no desire for conception because of the potential risks
of bowel adhesions and myometrium coagulafid@?®].

Another groug113][114] employed the samaparoscopic system as usedhe previous
study but performed the ablations with gonadotrapieasing hormone agonist (GnRbitherapy
8 weeks before ablation procedure for-pperative shrinkage of myoma for the treatment of
fibroids with pain, pressue and abnor mal bl eeding sympt oms
average 10 punctures per cm of fibroid were made i.e. for a 5 cm fibrerfd &@agulations were
performed with 5670 W applied power. The operating time for an 8 cm fibroid was ~ 30 min. In
this study, 5070% volume shrinkage was reported beyond GnRH therapy effects with no regrowth
of fibroids with patient discharge time ~ 4 h and a recovery time of 1 wHak. study
recommended laser ablation for patients in menopausal ages whedwar@woid abdominal

myomectomy or hysterectomy.
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2.2.3.2Percutaneous LTA

Percutaneous laser ablation has been performed with Nd:YAG (10Gthdbygre tiplaser
fibers placed into the fibroidnder MRI guidanceia MR compatible 18 G turner needles (Cook,
Letchworth, Hertfordshire, UK) for the treatment of symptomatic fibroids (with mean volume 618
cm?). Laser settings were controlled based on the temperature feedback which was employed for
the safety of the surrounding tissues.12 month post ablation ighdgta revealed 41% fibroid
volume shrinkage with symptom relief and a few patients reported fibroid regjibih

Another group [87], [117] reported percutaneous laser ablation with diode laser
(810 nm) and bare tip laser fiber (Diomed, Huntingdon, UK) for large symptomatic fibroids (size
range : 22 400 cnf) empbying 5 W/ laser fiber and total power output = 25 W/min with mean
ablation time = 15 min (range 126 min). MR compatible 18 G turner needles (Cook,
Letchworth, Hertfordshire, UK) were inserted into the center of the fibroid in a square
configuration. Hbers were placed via the outer needle sheath. Sheaths were pulled back by 2 cm
to expose the bare fiber tip at the distal end of the needle. The study reported a mean fibroid volume
shrinkage of 37.5 % at 3 months pabtationwith symptom relief

Anothe group[118], [119] employed diode laser source (810 nm with fiber splitter and
multiple fibers) for the treatment of lardgieroids with 600 um or 1000 um quartz bare tip laser
fiber. Using 25 W applied power and treatment time depending upon the size of the fibroid with 1
min/coagulation position with each coagulation position 2 cm apart from each other for partial

ablationof fibroids, 75% volume shrinkage was achieved after 3 months.
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2.2.3.3 TranscervicaLTA

Transcervical hysteroscopic laser ablati@s beerperformed with Nd:YAG (1064 nm)
laser source and bare tip laser fiber (Sharplan 2100 apparat#syiVelsrael) and 80 W applied
power, operating time ranging from 180 min for the treatment of large submucosal fibroids (1.6
+ 1.0 cnf to 15.4 + 7.6 crf) [101] and withGnRH-a pretreatmentFor type 1 fibroids, laser fiber
was inserted perpendicular to fibr@ddplaced athe centrally insidéhe fibroid while for type 2
fibroids, laser fiber is perpendicularly inserted® mm inside the intramural pat of fibroid
(based on the depth of the portion). Multiple coagulations were performed on the surface of myoma
in Type 1 fibroids or the remaining intramural portion of Type 2 fibroids (after hysteroscopic
myomectomy) with ~5 mm spacing in each coagtiden. Less postoperative blood loasd
adhesion formatiomvas reportedvith GnRHa therapy A 38% mean fibroid volume reduction
wasreported(independent of GnRid therapyeffects)with symptom reliefand no regrowth of
fibroid. For patients with infertity issues due to fibroids, 67% patients who attempted for

pregnancy conceived within 8 months post treatrfigiit].
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2.24 Radiofrequency ablation of fibroids

Radiofrequency ablation (RFA) is the most established technology for the treatment of
fibroids aut of the three technologies under considerafidti], [122] and provides aolume
reduction of fibroid (~70 %) at 6 mont[i23]. RFA needle applicators can create ~ 5 cm spherical
ablative zones within the uterine fibroidsth an affordable cost and mean treattrtame of 20
min [86], hencesupersedinghe performance of laser ablation devices used for fibroid treatment
[84], [121] A typical RFA system comprises of an RF generator, applicator and interconnecting
coaxial cables. RFA applicators employ the principal of electrical resistive heating in the target
tissue. The electric curref ~450 500 kHz causes théons (Nd, K", CI) inside the tissue
medium to oscillate rapidly resulting in resistive tissue heating around the active el¢tdfjde
Necrosis and coagulation happens as soon as the temperature in the tissue reach&®t@. ~55
In monopolar RFA, an RF current is applied through the active electrode (usually multiple
adjustable na#e arrays based on the size of fibroid) placed in the target tissue whereas the ground
pad acting as a return electrode for the curr
In bipolar RFA, the RF current flows between two electrodes plasgde the tumofl114]. RF
systems are typically monopolar and employ temperature or impedance feedbacl ¢2jatrol

The thermal energy generated by the applicator and deposited locally to tissue medium is
describedintermsafpeci fi ¢ absorption rate,]adodSsAReh, whi ¢
by equation 2.7.

&

SAR — 2.7)

Wher e O0h 0 |cosdudiiyeoftieeltisswsfdi isc @ he ti ssueldiless den
electric current density whi cEbB [ aaeléctricalct i on

conductivity of?andisgivenibseguaton2.80 h 6 [ S m
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E A (2.8)

The current density or the electric field strength cause direct heating only in the close
vicinity of the electrode, thermal conduction is responsible for propagating the heat at distances
away from the electrodé&25]. The heat distribution inside the fibroid during RFA is explained by
the Pennes bioheat equation [ &qyaw,isogivenby) wher
the equatior2 9.

1 1 A (2.9)

Hence, the main factors governing the volume of ablation during RFA, apart from the heat
losses due to blood perfusifit4], are the tissue temperature, electric field strength around the
active electrode and t i s[k2d4]and thermpail36B.i c a l proper

2.2.4.1 Laparoscopic RFA

Initial bipolar diathermy systems for the fibroid coagulation utilized 1.5 cm needles for
small fibroid ablation$114]. Later, a new bipolar RFA system was developed using heavy gauge
steel needles (Reznik Instrument Company, Skokie, IL and J.E.M. Davis, Hick¢Y)llas
electrodes which were supplied a continuous power eéfZl0W from RF generator to ablate
fibroids [114], [127] A 5 cm needle electrode in a 30 cm instrument or edBeedle electrode
were used in these systems which could be passed through the operative laparoscope or 5 mm
suprapubic trocar. The needles allowed penetration at 90° angle to the uté&rasm~-&agulation
around the electrode was achieved. On an geerd350 passes of needles were used in each
fibroid. Up to 7 cm fibroid could be treated with these systems withir302@in with minimal
risk of postoperative adhesiofisl4], [127]

The first monopolar RFA system was reportefl28]. In majority of the commerciand

clinical RFA systems, the RF needle is inserted percutane@Rshm skin incision)using
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ultrasound guidanceith simultaneous laparoscopic visual assistdii@g, therefore the term
APercudapaoos c o plbapardscopiddrl t rim s o u n d are goftean d aseédd
interchangeablyn literaturefor laparoscopic RFApproachef6].

Themost widely used laparoscopic ablation technology for fibréidessa™ system (Halt
Medical, Inc., Brentwood, CAJ20], [74] which has been approved by US Food & Drug
Administration (FDA) for inpatient/outpatient treatment of fibroidg3], [129] The system
(illustrated inFigure2.9) consists of @uakfunction monopolar RF generator and a disposable RF
applicator hangbiece consistingof 3.4mm diametemprimary needlenith multiple deployable
active electrodes (7 electrodes needle array) and two dispersive ground elg¢2tptaieprovide
a return path to the currefithe primary needl@as insertednto the fibroid through a puncture in
uterine serosandersimultaneous laparoscomad ultrasound guidande confirmthe device tip
position inside fibroid. Tie active electrodeare deployed inside thioifoid with electrode tips
having thermocouple for continuous monitoring of temperatuppropriate deployment of
electrode array results in maximum volumes of ablaidrieved inside the fibroid. Small 1.5 cm
diameter fibroids do not need electrode array deployment for ablation. - Bds m spherical
fibroids the primary needle of the RFAcmi s cen
in diameter, thenain aim is to ablate the periphery of the fibroid as compared to the center hence

multiple eccentric ablations are perforniéa].
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The applicator delivers a lowoltage, highfrequency(450i 500 kHz)[72] alternatimg
current into the fibroid with a maximum output power of 200[28]. The current density is
concentrated in the pelvic region with the currents typically ranging2-51A [20] and hence do
not impact the cardiac activity of the patient. The tissue temperature is maintained at 100 °C for
the ablation duration which is calculated using the treatmentitdg and depends upon the

fibroid volume[20].

Dispersive/
grounding pads

A
resss ‘ Z/Z‘ffy{—‘f‘}:, L
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/ Primary needle RF hand piece
Ablation zone

Figure 2.9 Laparoscopic radiofrequency ablation sysfenfibroid treatment. Image
reproduced fronfi20].

The mean volume reduction achieada result diibroid ablationin this systems ~ 45%
[77], [123]. Although there are no uterine incisions and suturing of myometrium, however a 3.4
mm puncture is made in the myometrium i@edle placement inside the fibroid and coagulation
of needle tract inside the myometrium is performed during withdrawal of the pyoaeplying

intermittentlow power (815 W) coagulation to the primary needle[&0].
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2.2.4.2 Percutaneous RFA

In a study[86] conducted forpercutaneous RFA, thdabfoid was punctured under
abdominal ultrasound guidance. Before ablation, the same punasused tgperform abiopsy
(for tissue pathology) witli8 G BioPince® needle (Angiotech, Vancouver, British Columbia,
Canada)inserted through the Rprimary needle A 3540 mm long umbrellshaped needle
electrode system (LeVeenCoAccdRE3000 system, Boston, U$asused to perform multiple
RFA depending on the size of the fibroid. The extent of necmagssconfirmed through an
immediate postoperative contrast enhancedadtrad imagingTo prevent bleeding, ablation tract
was coagulated witHLO W power at theend of the procedurévore than 50 % fibroid volume
reduction with symptom relief was observed at 6 month post ablation using this prdéédlure

2.2.4.3Transcervical RFA

The FDA approved transcervical RFA, The SONAT#ystem(Gynesonics, Redwood
City, CA) consists of an intrauterine ultrasouihdUS) probe and a RFA hargiece {ntroducer
and needle electrode array) whose combined diamet®r3i mm (compatible with 27 French
cervical dilation)[40].A single ablation with SONATA system camdat fibroids with a diameter
of 1-5 cm (i.e. up to a volume of 42 énFor larger fibroids (> 5 cm), multiple ablations are
employed4]. Maximum ablation sizes of 4 cm width and 5 cm length can be created. Depending
on the chosen ablation size, the RF @&menr gy wi
after the tissue temperature reaches 1080 Figure2.8 explains the proahure of transcervical
radiofrequency ablation of fibroids as describef#ii.

The studie$4], [40], [1L00]reported avolume reduction of ~668%in fibroidsis achieed
at 12 months post treatmeM/ith symptom relief and low retervention rates (3.7% [4]),

patients return to normal activities within a median of 4 days (mean 4.4 + 3.1[d@}s)
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Moreover, there are nmeportedcomplications(related to pregnancy and childbirthiter the
treatmen{130]. Theclinical studies conducted f&FA ablation for fibrodlshave been thoroughly

reviewed in[72], [122], [123]

2.25 Microwave ablation of fibroids

Microwave ablation (MWA) is the most recent technology for the thermal ablation of
fibroids. MWA offers severdbenefits over other needle based ablation technologies for fibroids
like larger ablation volumes, shorter treatment durations, are less prone to local blood perfusion

and heat sinks and can support multiple applicators and there is no need of groursljhgljad
MWA ablation can produce temperatures as high a*CARithin 5 min of tissue heatin@7].

The basic components of MWA are similar toAR$ystems i.e. MW generator, power distributor

and MW applicator. The most common MWA frequency used for fibroid treatment is 2.45 GHz
[46]. The applicators consist of a feedline transmission cable (most commonly coaxial cable) with
the distal tip modified tareate an antenna that radiates microwave power to the surrounding tissue
[132]. Power attenuation along the feedline cable leads to heating of the cable, which may cause
heating of adjacent tissues and breakdown in structural integrity of the kabi@st ablation
applicators, to enable high power use, these issues are mitigated by employing active cooling
strategies (e.g. water or gas coolifi33].

The MWA works on the principle of dielectric hysteresis. When the MWA applicator is
placed inside the fibrd tissue and powered on, the heat is generated due to the rapid oscillations
of polar molecules (water) in the tissue. The continuous realignment of the polar molecules in the
presence of an applied electromagnetic field with alterations in polaritynisilbf times/second
produces frictional heating and subsequently ablative temperatures in the tissue medium which

results in tissue coagulati¢ph31], [134]
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The thermal and dielectric properties of the target tissue significantly impgattidhmal
ablation profile during MWA ablatiofiL34]. The dielectric properties are known to be functions
of frequency, temperature, composition of tissues and other biological fEc3di459], [135]
[63. The transmission of microwaves is ¢dverne
which is given by equation 2.10.
’ e (2.10)
The relativep e r mi t Hoof the tisgue, is desponsible for the energy propagation inside the
ti ssue. The ef feabc,tidveer icwend ufcrta m*Gttiye HEABigt hany
responsible fomicrowave energy absorption inside the material, and defined in eq@dtiion
S ¢ (2.11)
wherg =2~ ff= frequencyandH = 8.85 x 10"F it .
The heat distribution inside the fibroid during MWA is explained by the Pennes bioheabequa
(equation 1) wher el tohe WIHimivéndpathe eguatiddix e, 0

1 1 . (2.12)

wh er e O'Hsihe el&ttrioield strength.

2.2.5.1 PercutaneousMWA

Percutaneous approach is the mestely usedmicrowave ablatiotreatment of fibroids
[41], [46], [53], [91], [93], [136][139]. During percutaneous MWA, a microwave antenna and
thermocouple needle are inserted into the fibroid under conscious sedation under ultrasound
guidancg41]. Majority of the studiegonductedor percutaneost MWA [41], [53], [93], [136]
[138] employed KV2000 or KV2100 MWA tumor treatment device (Kangyou Medical

instruments Nanjing, Cha) in continuous or pulsed mode emission with powers-+0B0W for
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the treatment of ~8 cm diameter fibroids at 2.45 GHz frequency and applicator diameter—~ 13.5
16 G. One study [9] used an 18 cm long MWA applicator with 11 mm long radiating elerdent an

1 mm long emission aperture with internal water cooling to lower the temperature of the applicator
shaft. Another studi91] used 28 mm applicator radiating length and to preventridledamage

to surrounding tissues a room temperature saline was continuously infused at 60 ml/min along the
proximal part of the applicator. The ablation duration varied betwegr®+8in depending upon

the size of the fibroid41], [91], [136] Single MWA applicator was used for treatingh cm

fibroids where as two applicators were used for > 5 cm fibiditls [93], [137] The maximum

myoma reduction rate achieved in percutaneous MWA was--93% at 12 monthgt1], [53].

2.2.5.2Transcervical MWA

Transcervical MWA has been used for the treatment ofifierim combination with the
microwave endometrial ablatigb4] at 2.45 GHz using microwave generator; Microtaze AZM
550, AlfresaPharma, Oda, Japan. After the endometrial ablation, a 4 mm diameter applicator
with a conical tip was inserted into the submucosal fibroid with the help of a straight guiding tube
(4.2 mm inner diameter and 5.1 mm outer diameter) which was fixed over the sunfiayenad.
Single submucosal fibroids ofi 4 cm size (5.5 + 2.1 cm) were treated in 35 patients with an
applied power of 40 W at multiple ablation sites forilZB800 s and overall surgery time ~20
min. The volume reduction at 6 months post operation Wa<6{57].

Recent ex vivotissue studies suggest the feasibility of transcervical MWA for fibroid
treatment via hysteroscopy with ablation systems at 2.45[&Hand 5.8 GHZ45]. The system
comprieed of a microwave generatoGS200WS, Sairenpd4] or HP 83572A synthesized
sweepef45]), Solid state power amplifi¢d5], coaxial cables, a wideband radiofrequency power

meter (Bird Technologies 7022) for monitoring of power, water circulation pump (Masterflex L/S
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economy drive model 70120) for applicator cooling and wateooled omnidiregbnal monopole

MWA applicator with an outer diameter = 2.15
working channel (~3 mm)). The 5.8 GHz applicator was custesigned to produce focal
ablations for smaller fibroids (~3 cm) and the use of baluestricted the backward heating along

the applicator shaft. The study reveals that the insertion parameters of MWA applicator inside the
fibroid impact the ablation outcomes drastically. With insertion angles (30°, 45°, 60°), depth and
offset from the fibrad center (x2 mm for 3 cm fibroid and +1 mm for 1 cm fibroid), the ablation
volumes in 3 cm fibroid ranged ~33% when heated with 35 W for 1400 s and in 1 cm fibroid

ranged ~3468% when heated with 15W for 3D s and zero damage to the surroundissuts

(O 40 CEM43). A maximum ablation volume of ~

CEM43 is acceptable in the myometrijhb].
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2.3 Discussion

Before selecting thguidance approach for needle based thermal ablation of fibroids, it is
important to assess the size, volume, location and number of fibroids in the uterus through imaging
prior to the ablation procedure. There are several imagodglities that may be gablefor this
purpose i.e. hysteroscopy (via hysteroscope thin lighted tube inserted transvaginally for direct
examination of uterus), ultrasound (transvaginally or transabdominally) and magnetic resonance
imaging (MRI)[53], [92], [3], [84].

Laparoscopic guidance provides aasier approach to fibroids compared to other
minimally invasive techniques for fibroid aklan. The level of surgical intervention has been
significantly reduced in the laparoscopic ablation as compared to the traditional laparoscopic
hysterectomy or laparoscopic myomectorhgparoscopic guidande more invasive than the
other guidance techniquased for ablationGenerabnesthesis required with multiple incisions
in the abdomen i.eone incision for a Bnm laparoscope, anotheril@-mm incision for the
laparoscopic ultrasound transducer, afrBore incisions (2 mm) for the percutaneousequaent
of the needle electrod&his guidance approach is proneatthefons, infections in the peritoneal
cavity and damage to the surrounding organs of uterus. In percutaneous approach, the number of
incisions has been reducaslcompared to laparoscopigproactby incorporating high resolution
transabdominalmaging Moreover, no preconditioning of cervix or abdomen is required in a
percutaneous approach as compared to other techniques which prevents issues such as fluid
overloading, gas embolism, or Bl@nesthetics reaching systemic circulafs8].However, even
in the percutaneous approach there are risks of abdominal perforations and bowel puncture which
are managed by adjustingarby organs to bring the anterior wall of fibroid closer to therabudd

wall to ensure accurate needle position for puncturing inside the fi&sdl. [140] The
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incisionless transcervical approach fibroid ablation reduces the chances of many potential
complications of other approaches. In transcervical approach, since the fibroid is not approached
through theperitoneal cavity, there are no chances of intraperitoneal adhesiogenesis. Moreover,
there are minimal chances of uterine ruptsirece there is no penetration into uterine sef@sh

The objective of uterine fibroid ablations is to ablate the fibroid as much as possible while
protecting the functional layer endometrium and the supporting muscular layer myometrium (as
discussed in Chapter 1). In laparodcops well as percutaneous approach the applicator is
introduced from the outer wall of the uterus (serosa) hence there are limited chances of damaging
the endometrium. Therefore, a laparoscopic and percutaneous approach may be considered when
the fibroid location closer to the serosal surface as compared to the endometrial Theity.
transcervical ppr oach i s the | east i nvasive guidance
(cervical caal) is used for the introduction of applicator into the uteringtgaHowever, since
the transcervical applicator is introduced into the uterus from endometrial cavity there are more
chances oflamaginghe endometrium as compared to other approaches. The transcervical ablation
may be a viable option for the treatmeftsubmucosal fibroids which are closer to the uterine
cavity. However, there are limited approach angles in transcervical approach due to the anatomy
of the uterus hence applicator may not be able to reach challenging sites inside the uterus for which
laparoscopic or percutaneously techniques may be considered.

Microwave ablations could provide larger ablation zones (up to 6 cm diameter) with a

single antenna insertiof6] since microwave ablations are faster and fheak temperatures
achieved irmicrowave ablation are highérp to 170°C [134]) than the radiofrequency and laser

ablationswhich are prone to tissue charriddoreover, microwaves have better performance near

blood vessels, alless sensitive to tissue types and there is no need of grounding pads as opposed
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to RFA[139]. However, microwave ablation is a relatively new technology in fibroid ablation as
compared toother ablation technologie$/loreover, microwave antennas have more intricate
designs as compared to radiofrequency electrétBdiofrequacy ablatioris the most established

and advancetechology for the treatment of fibroids because it is simpled cheapethan the

laser ablationThe laser applicators used so far for fibroid ablation provided smaller ablation zones
in a single insertin [113] [114] as compared totber ablation technologies due to carbonization
and charring. Use of cylindrical diffuser, cooling and pulsed mode operation in laser ablations

[110][107] could enhance the size of ablation in laser technology usedbfoidfs.
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2.4 Conclusion

Since fibroid is a highly heterogeneous tissue in terms of size, location, composition, shape,
symptoms with patient variability factors (e.g. age, race, family history, reproductive state,
underlying diseases), there cannobhe to one comparison of different technologies or guidance
approaches on the basis of clinical outcomes reported in the studies. The choice of guidance
approach depels upon the size, locatiomumber of fibroidsand patient conditianEvery
guidance apmrach has its own merits and demerits. With regards to the technology,
radiofrequency ablation has been the most widely used technology for the fibroid ablation, hence
this technology is more advanced as compared to other technologies. The technological
advancements in laser ablation for other tumor abla{ib®8], [120]could be employed for fibroid
ablations. Microwave ablation of fibroids shows promising re§#k [141]and it has a potential
to improve the size and shape of ablations with larger ablation volumes achieved in shorter

duration of time as compared to etineedle based ablation technologies.
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Chapter3-Di e | ePatorpiea Ex ewliuvodUt er i ne
Fi brloi ds
3.1 Introduction

Uterine fibroids are the most common benign muscular tumors of thes wtéh a lifetime
prevalence of ~780% in premenopausal womel], [6] [7]. Fibroids can considerably impact
the quality of life with symptoms including abnormal uterine bleeding, dysmenorrhea, chronic
pains, increased bladder frequency, painful intercourse and causesriagges and infertility in
severe casd41] [12]. Around 30% of the patients experience symptomatic fib{@dahich are
the leading indication for hysterectomy. Fibroids are classified based on their location within the
uterus, and can range in sizenra few millimeters to several centimet¢t$], [142], [143]
Thermal ablations of fibroids using namnizing electromagnetic energy have the potential to
provide a minimally invasive therapeutic option for patients desiring uterus preservation. Thermal
ablation modalities such as las¢t43], [144], [145] and more recently, high intensity focused
ultrasound (HIFUJ146] and radiofrequency ablation (RFM)22] (via laparoscopy20] [75] and
transcervical approach§37] [40]) have been widely explored for fibroid treatment. Microwave
ablation (MWA) is another thermal ablation modality which is in clinical use for treatment of
tumors in the liver, lung and kidng47], and offers the potential for ablati of large tissue
volumes in relatively short duration. There has been a growing research interest in using MWA
via percutaneouflO] [11] and transcervicdK9]i [52][44], [45] approaches for the treatment of

fibroids.

1This chapter has beatcepted or j our nal publication as GCdepgéndent
dielectricpor operti es of human uterine f i br Bhyskcsé& Engireering
Express, Sep 2021, ddittps://iopscience.iop.org/article/10.1088/2aB¥76/ac27c2
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During MWA, an applicator is positioned within or adjacent tadnget tissue and radiated
microwave power is absorbed within tissue with appreciable attenuation. The goal of thermal
ablations of fibroids is to maximally ablate the fibroid volume while protecting the surrounding
healthy tissues from thermal damdg®], ultimately resulting in shrinkage of the fibroid providing
symptom relief to the patientgl3], [147] . Tissue temperatures during microwave ablation
typically exceed 100 °C, and have been reported up to ~1[B¥YPQvith temperature in regions
at the periphery of the ablation zone typically in the range6&68C.

Tissue dielectric properties have a significant impact on the thermal ablation profile during
MWA. The complex permittivity,H, of the biological tissue determines the transmission of
microwaves inside the tissue medium and is given by equafion

. He B

The real part oF called the relative permittivityy, determines the propagation of energy
through the tissue based on tavelength of the applied electric field at a specific frequency. The
effective conductivity, «, is calculated from the imaginary part of dielectric permittiviffysing
equation3.2._eff determines the absorption of microwave energy inside theialaléssues with
high water content have highs values and hence exhibit higher absorption of microwaves with
respect to tissues containing low water content and lowealues

1T ° og
where angular frequendy,= 2 = f £ frequency
and permittivity of free spage, =H8.85 x 1012F mt.

Furthermore, the dielectric properties of tissue are kn@wmet functions of frequency,

temperature, composition of tissues and other biological faft8rg [59], [135] [63]. Tissue

temperatures during microwave ablation typically exceed 100rChave been reported up to
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~170 °C[37], with temperature in regions at the perighef the ablation zone typically in the
range ~5860 °C.Fibroid tissues are well known for their heterogeneous tissue structure and
composition with different proportions of extcallular matrix (i.e collagen, proteoglycans and
fibronectin)[5], [13], [148], [149] Moreover, the variation in fibroid tissues properties also comes
from degeneratian (e.g.hyaline, cystic, myxoid or red degenerat{d®0]) occurring inside the
fibroid tissues. For the effectiveesign of therapeutic instrumentation for treatment of uterine
fibroids, there is a need to characterize dielectric properties considering the aforementioned
factors.

The dielectric properties have been characterized for various normal/pathologic hdman an
animal tissue at various frequencies and temperafp®§qg61]. Public databasd451] collating
the measured dielectric properties of various tissue typesigiy finformative to engineers
developing electromagnetic instrumentation for therapeutic applications. Electrical conductivity at
460 kHz (the frequency typically employed for RF ablation) of uterine fibroids in human patients
in vivohas previously beeatt physiologic temperatuf@52]. However, there are limited published
data for dielectric propertiesf uterine fibroids in the microwave frequency range. Since fibroids
are not common in animals, measurement of physical properties of fibroids are often restricted to
measurements on samples obtained from hysterectomy procedures in human patients. Bovine
muscle is often used as a surrogate tissue for uterine fibroids during the design and evaluation of
candidate technologidd4], [65]; temperature dependent dielectric pdpes of bovine muscle
tissue have been reportg].

Computer models and simulations with biophysical properties mimicking the tissue
properties are powerful tools for development, evaluation, and characterization of candidate MWA

devices [153]. Measurement of frequency dependent dielectric properties over ablative
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temperature ranges is essential for careful design and evaluation of microwave technologies for
ablation of uterine fibroids. The aim of this study was to: 1) experimentally measure the changes
in broadband (056 GHz) dielectric properties oéx vivo uterine fibroids excised during
hysterectomies in human patients over the ablative temperature range (i.¢. 230°@C) and 2)

present coefficients for parametric models characterizing the temperature and frequency dependent

dielectric properties of fibrdis for use in computational models of microwave tissue heating.

3.2 Methods

3.2.1 Collection of tissue samples

Uterine fibroid tissue samples were obtained from West Virginia University tissue bank.
The specimens were excised from human patients recestangdard of care hysterectomy
treatment, under an approved institutional review board (IRB) protocol for collection of human
blood and tissue for research purposes. The indications for hysterectomy in all the patients included
enlarged uterus due to mpl fibroids, heavy bleeding and chronic pain.

Samples of the freshly excised fibroids were preserved in RPMI growth medium, stored in
sealed biohazard bags and shipped to our laboratory while placedhsutating container with
ice packs. The tissué&ept inside the RPMI gauze were taken out of the icepacks to raise the initial
temperature to room temperature. To minimize dehydration, tissue samples were maintained
within RPMI gauze after sectioning and only removed immediately prior to dielectrierprop
measurements. All measurements were conducted with@® 24post excision.

For fibroids with maximum dimensions < 2 cm, a single dielectric property measurement
was performed on eadample; for fibroids with a maximum dimension exceeding 2 cm, ole to
multiple measurements by first sectioning the fibraitl® samples approximately ~325cm in

diameter.
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3.2.2 Measurement of dielectric properties

The dielectric measurements were performed in a certifiedBBb environment inside
a fume hood usinthe open ended coaxial probe metfits4], [155] The dielectric properties of
the tissue were estimated by a software inversion of broadband reflection coefficients of the open
ended coaxial probe (Keysight 85070 E dielectric probe kit) as measured by Keysight N9923A
FieldFox Handheld RF vector netwaakalyser(VNA). The sensing resolution of the dielectric
probe is within a 5 mm radius around the probg1§b]. We compared the dielectric properties
of standard liquids (methanol and ethanol) in our measurement setup with the theoretical values
presented in156]. At 20 °C, the maximum error in real and imaginary parts of complex
permittivity for methanol was < 7% and for ethanol was < 10%, respectively. These erl®r leve
lie well within the range of the errors recorded in similar studies; for a frequency range26f 0.5
GHz, the maximum error for niEB7AH@EIYl O 8 % and

The dielectric probe was placed such that its tip was in contact with the tissue sample to
capture the dielectric data over 401 linearly spaced points spanning the frequency ranGélaf 0.5
to 6 GHz and temperatures from 23 to 150 °C. This temperature range was chosen such that it
covers the ablative range of temperatures commonly observadjet tissueg 60]. Temperature
of tissue in contact with the dielectric probe was measured using a Qualitrol OptiLinkTM fiber optic
temperature sensoithe overall measuremesetup is depicted iRigure3.1(a). The temperature
sensor was placed 2 mm away from the dielectric probe tip to preclude interference with
electromagnetic field of the prop&3] as shown irrigure3.1(b). A polyimide sheath was slid over
the fiber optic sensor for its protection and a rubber band was used to fix the sensor at an appropriate

position over the diektric probe.
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The fibroid sample was taken out from the RPMI gauze and placed in a ailssaned
sample holdeshown inFigure3.1(c). The sample holder was constructed from copper shéhbts
the objective of minimizing thermal gradients across the sample, similar to prior J@lies
[135]. First, the dielectric properties were recorded at room temperature (23@0).td capture

the temperature dependency of the dielectric data, the sample was heated using a ThermoScientific

Dielectric
probe

Polyimide
Sheath

Fiber Optic
Temperature
Sensor (b)

Figure 3.1 a) Experimental setup for dielectric measurements efivex human fibroid.
Tissue sample is placed on the hot plate inside the fume hood and measured with d
probeconnected to VNA. Tissue temperature is monitored by fiber optic sensor ani
collection hub. Both VNA and data hub are connected to laptop b) A method for fixat
temperature sensor 2 mm above the tip of open ended coaxial probe. c)-Gesigned
copper template for holding and heating the tissue at elevated temperatures.
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hot platg63]. The initial temperature of hot plate was setl&06-200 °C to achieve similar heating

rates as that of water cooled MWA applicators (at a point 10 mm away from the applicator surface)
[63]. However, as the sample temperaturgched approximately 94 °C, the hot plate surface
temperature was raised to a maximum temperature level of 540 °C. The change in hot plate settings
was done in order to raise the tissue temperature above 100 °C overcoming the latent heat of
vaporization ofwater. The dielectric properties were recorded evenl5l3. The transient
temperature profiles of the tissue were independently measured at the site of measurement with the
fiber optic temperature sensor at a sampling rate of 1 Hz. The dielectric pcbtieeaemperature

sensor were thoroughly cleansed with sterile alcohol swabs between the measurements.

Ex vivo bovine muscle tissue has been employed as a surrogate tissue for evaluation of
fibroid ablation technologiegl4], [161] We also conducted desdtric measurements on ex vivo
bovine muscle samples for comparative assessment against fibroid measurements.

3.2.3 Data processing and parametrization

The measured dielectric data were interpolated to a uniformly spaced linear grid of 127
temperature pats from 23 °C to 150 °C at each of the measured 401 frequencies for each tissue
sample. Four non parametric curves i.e. mean, upper and lower envelopes and standard deviation
were estimated from the interpolated data at each frequency to describe éhandmtstribution
of observed data values as functions of temperafheedata was compared with the bovine muscle
dielectric data.

A parametric model was employed to represent the temperature and frequency dependent
dielectric data in a form that can be used in the computational models using a fitting approach
presented ifi63], [135] A piecewise linear function was utilized to approximate the linear trends

of the dielectric data along the temperati¥en three distinct mutually continuous temperature
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intervals: 1) interval of moderate linear dielectric depeoi@srat low temperatures from 23 to

the temperaturéy (~ 100°C) , 2) interval of temperatures around water vaporization point'from

to Y (above 100°C) where dielectric properties are expected to significantly drop and 3) Interval
above water vaorization point fromiY to 150°C where dielectric properties are expected to settle

to lowest values and become constant. Coefficients of continuous linear functions in the respective
interval were further fitted as functions of frequency. The funclitmmen of the fitting egations

are listed in Appendix A

Two-dimensional error surfaces were plotted to present how well our parametric model
matched the actual non parametrized data. Absolute difference was calculated (at each point)
between theparametric envelopes and their corresponding non parametric envelopes across all
measured temperature and frequency values.

Finally, the measured temperature data were also utilized for the calculation of thermal dose
to provide a means for evaluating thehanges in dielectric properties based on the -time
temperature history of fibroid tissue samples during heating using the thermal isoeffective dose
formulation. As described ifil35], dielectric properties were evaluated as a function of the

logarithm of thermal dose (cumulativguevalent minutes at 43C, CEM43.
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3.3 Results

Table3.1 lists information about the excised fibroid tissue samples received for dielectric
measurements. For samples 1, 2 and 4, only one measurement was taken per fibroid sample. For
sample 3, five measurements were recorded, and fqulearf and 6, two measurements were

recorded per fibroid samplenages of sample fibroids are showrFigure3.2.

Table 3.1 Tissue samples description.

Sample  Patient age Fibroid size Fibroid weight Number of
(Yrs.) (cm x cm x cm) (9) Measurements
1 42 1.7x1.1x0.9 1.59 1
2 51 20x2.0x1.5 4.60 1
3 46 55x4.0x4.5 78.01 5
4 51 20x15x1.0 1.38 1
5 49 3.5x3.0x0.9 4.38 2
6 49 2.7x2.0x0.8 2.47 2

(b)

Figure 3.2 Pictures of uterine fibroid samples; a) sample 1, b) sample 3 and c) a sectior
from sample 3. The solid bars in each panel provides a scale of 1 cm length.
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Figure3.3 displays the distribution of broadband dielectric properties at room temperature
i.e. 23°C overthe frequency range of 500 MHz to 6 GHz for all fibroid samplé& standard
deviation, mean, upper and lower envelopes are showigure 3.3(a) for relative permittivity,
O, andFigure3.3( b)) f or e f f e cek fonalemeasareddibraidtsamplest Ty studyrthe
difference between intesample and intrgample variabity at room temperature, we also plotted
the distribution measurements taken on sample 3 fwithS measurements) against the overall
distribution of all fibroid samples (with total 12 measurements).

Multiple Fibroids (n =6, m = 12)
Single Fibroid (m = 5) ;

70

3
9 4
5
L~
3 !
10} 1
0 : 0
1 2 3 4 5 6 1 2 3 4 5 6
f [GHz] f [GHz]

(a) (b)

Figure 3.3 Non-parametrized distribution of broadband dielectric properties at r
temperature (23 °C) over a frequency range of 500 MHz to 6 GHz. a) Relative permi
U, and b) effective conductivityqesr , of excised human atine fibroids. Inteisample and
intracsample variability is illustrated using red and blue curves, respectively. The red
represents data from all fibroid samples (n = 6, m = 12) and the blue curve represel
from a single fibroid with 5 measurents. Solid lines depict the mean envelope values
dotted lines show the maximum and minimum envelope values for the diel
measurements. Error bars show the standard deviation of data taken from all samples
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Figure 3.4 compares the neparametrized distribution of the measured broadband
dielectric properties of excised human uterine fibroids (from 23 °CQ&@handex vivobovine
muscle samples (from 31 °C to 150 &S)a function of temperature at frequencies of 915 MHz,
2.45 GHz and 5.8 G which are frequencies under consideration for fibroid thermal ablation

technologies.
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Figure 3.4 Comparison of noarametrized distribution of broadband dielectric propertie
ex vivohuman uterine fibroids (over the temperature range 231%D °C) and bovine muscl
(over the temperature rangé Ci 150 °C) at 915 MHz, 2.45 GHz and 5.8 GHz. Panels
and e show t he & and panhdls\b,a amé showithe efiectivie topducti
heff Of excised tissues. The red curves represent data from all fibroid samples (n =6, r
and black curves represent data from bovine muscle samples (6 samples). Solid lines ¢
mean envelope values and dotted lines show the upper and lower envelope values
dielectric measurements. Error bars show the standard deviation of datadakall samples.
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Table 3.2 lists the coefficients for the parametric model computed by using linear least

squares optimization technique for tinean, upper and lower envelopes of relative permittivity,

Or and effective conductivityhesr.

Table 3.2. Fitting parameters for dielectric propertie$ fibroids. The fitting ceefficient,
defined

@ ho hd o o ho Ad Fd o ,ar e
conductivity, hest for the three envelopes (mean, upper and lower) separately. In addition,
correspading transition temperatureg and™Y are also presented.

for

t haad effeetivea t i

Parameters Mean Upper Lower
Envelope Envelope Envelope
For 1 For het For U For het For For heft
bo1 0.119 0.082 0.093 0.099 0.234 0.083
o2 -2.454 0.291 -1.988 0.248 -3.576 0.221
bos 56.843 0.769 64.518 1.005 47.989 0.553
b11 0.483 0.001 0.490 -0.008 0.440 0.014
b1z -4.638 0.253 -4.168 0.289 -4.440 0.078
b1s 50.377 1.748 51.889 2.728 42.525 1.280
b21 0.082 -0.004 0.298 8.8 x 10* 0.010 5.4 x 10
b22 -0.878 0.059 -3.094 0.127 -0.066 -2.3x10°
b2s 8.279 0.103 23.689 0.038 2.361 0.038
1 C) 95 98 115 114 96 100
4 C) 121 125 123 124 106 105
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Figure 3.5 shows theparametrized distribution for the measured relative permittivity and
effective conductivity at 915 MHz, 2.45 GHz, and 5.8 GHz over the temperature range of 23 °C to

150 °C. The mean, upper, and lowavelopes of the measured data are shown in dotted lines with

their corresponding parametric fits in solid lines.
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Figure 3.5 Parametrized distribution of broadband dielectric properties at 915 MHz, 2.4E
and 5.8 GHz over the temperature range 28 960 °C. Panels a, ¢ and e show the rela
per mi t.fandparelg b, d and f show the effective conductitifiyof excised human
uterine fibroids. Solid lines provide parametrized linear piecewise functions fol
corresponding neparametrized data illustrated by the dotted lines of the same color.
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Figure3.6 displays the rawidlectric dataneasurementsom six fibroid samplegshown
as a scatter plot, with one color assigned to each samypédaid onthe parametric linear

piecewise functions for mean, upper and lower envelopes.
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Figure 3.6 lllustration of raw dielectric measurements from sioroid samples anc
parametrized distribution of broadband dielectric properties at 915 MHz, 2.45 GHz ai
GHz over the temperature range 23 050 °C. Panels a, ¢ and e show the relative permitti
U, and panels b, d and f show the effectivedumivity, bers Of excised human uterine fibroid:
Solid black lines provide parametrized linear piecewise functions (mean, upper and
envelopes) for the corresponding raw dataigffibroid samples illustrated by the colore

scatte plots.
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Figure3.7illustrates the absolute error between meastikddctric data and the parametric

fit for mean, upper and lower envelopes of the dielectric properties as a function of temperature

and frequency, to estimate the goodness of parametric fits.

Figure3.8 illustrates the parametrized distribution of dielectric properties of fibroid tissue

as a function of the logarithm of thermal dose (CEMA48g fitted piecewise functions of relative
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Figure 3.7 Error surfaces for the parametrized models of dieleptaperties i.e. mean (pane
a and b), upper (panels ¢ and d) and lower (panels e and f) envelopes across all m

frequencies and temperatures.
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permittivity and effective conductivity as a function of thermal dose are overlaid on the

parametrized datdhe corresponding fitting coefficients are provided in Appendix B.
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Figure 3.8 Parametrized dielectric data of human uterine fibroids at\8#iz, 2.45 GHz and 5.¢
GHz as a function of thermal isoeffective dose (CEM43). Panels a, ¢ and e show the

per mi t.tandwpanelsyb, d and f show the effective conductikigyof excised human uterin
fibroids. Solid lines providgparametrized linear piecewise functions for the corresponding

parametrized data illustrated by the dotted lines of the same color.
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3.4 Discussion

The present sty was conducted to report on the measurements of the broadband dielectric
properties of fibroid tissue at ablative temperatures, due to the lack of such data in the literature.
Furthermore, parametric models were derived from the measured data to eclrraitte
dependence of the dielectric properties on the tissue temperature and frequency. The tissue
dielectric properties in the form of piecewise linear functions can be used in computational models
of microwave tissue heating to predict and estimatbel spatial electric field distribution due to
the MWA radiation, 2) power absorption and 3) transient temperature profiles within[1i6&lie
Moreover, the dielectric properties reported in the present study can guide the desigreof tissu
mimicking phantoms for the MWA of uterine fibroi{B6].

To quantify the extent of fibroid tissue dielectric properties variation with respect to
different samples and frequency, we plotted the dielectric data for multiple fibroids at room
temperature from 500 MHz to 6 GHz kigure3.3. The distribution of multiple fibroids shoves
decreasing trend far values with average values starting from 57.5 at 500 MHz and dropping to
77.4% (of its baseline value) a3z with a decrease rate of ~2.4 units/GHz as showigure
33(a) . On the ot her han dfwitlmaveragaatues starttng fror.92 r e nd
S/mat 500 MHzand rising to a value @&.02 S/m at 6 GHz with an increase rate of 0.93 S/m/GHz
as illustrated irFigure 3.3(b). Similar trends and variability was observed for the distribution of
sample 3 for botlir a n ds with slightly lower average values (-2Lunits lower than the average
values for all fibroid samples) for, with a decrease rate of ~2.5 units/GHzie measured range
(Figure3.3( a) ) wh er e aesvalteh werealnestsengaEigure3.3 (b)). Hence, from
our experimental observations we saw no significant difference in the variability of broadband

dielectric values within theame fibroid sample and between different fibroid samples at 23 °C.

60



Figure 3.4 displays a comparison between the dielectric properties of excised human
uterine fibroids and bovine muscle tissue. The average baseline relative permittivity values at 31
°C for bovine muscle tissue are ~4 units lower than the fibroid values and tireffenductivity
values are ~0.18.5 S/m lower than the corresponding fibroid properties. However, at elevated
temperatures, the difference between the dielectric properties increases at all measured frequencies
with mean bovine muscle properties lowean the fibroid properties. The maximum difference
in relative permittivity values can be observed around 92 °C i.e.-12 lnits. For effective
conductivity values, the maximum deviation of ~0.8 S/m can be seen around 98 °C in the
fibroid and bovindissue. It should be noted here that the bovine muscle samples were taken from
a local meat supplier; storage conditions and time between excision and sample acquisition, and
their impact on the measured properties, are thus unkmdwamparison of simaited ablation
zones when using dielectric properties of uterine fibroids and bovine muscle is piovGepter
5. Further research is required to compare not only the dielectric properties but also the thermal,
mechanical and structural properties ektily excised bovine muscle samples, to better assess the
suitability of bovine muscle as a surrogate tissue for evaluating fibroid ablation technologies.

The analysis of the parametrized model of relative permittiuityin Figure3.5(a, ¢ and
e) reveals that the baseline values at 23 °C are relatively high at lower frequency as compared to
the higher frequencies. The baseline of mean envelope yields value 54.7 at 915 MHz which reduces
to 85.2% at 5.8 GHz. It was observed that theany@walues alr drop gradually by ~ 0.1 units/°C
from their baseline values for all the frequencies 915 MHz, 2.45 GHz, and 5.8 GHz in the
temperature interval of 23 °C < T < 95 °C. Whereas in the temperature interval of 95 °C < T< 121
°C a sharp drop wiit a slope of ~1.3-1.5 units/°C was seen for the mean envelope values. At 121

°C, an overall drop of ~ 8687 % from the average baseline valuaxofvas observed for 915
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MHz, 2.45 GHz and 5.8 GHz. This drop is generally attributed to tissue desicaatiowater
vaporization. For the interval, 121 °C < T <150 °C,Ghalues remain fairly constant at values <
10 units. The upper and the lower envelopes were plotted to provide a detailed account on the
inter-sample variability of relative permittivityfoneasured fibroid tissues. A few perturbations
were seen in the upper enveloadues around 100 °C due to water vaporization and potential
displacements caused by bubbJ&63]. In this temperature range, the tissues beneath the top
surface heat quicker than the top surface tissues and explosive ejection of surface tissue happens
[164]lwhi ch coul d be heard in the form of a Apop:«
not have remained in direct contact with the tissue if the tissue in contact with the profas ti
popping which could have led to measurement inaccuracies.

The examination of parameterized models for effective conductivity values shows a
contrast in trend as compared to relative permittivity \&leich is evident frorrigure3.5(b, d,
and f). The baseline conductivity values are low at lower frequencies as compared to the higher
frequencies. The baseline mean envelgdae at 915 MHz is 1.1 S/m rising by ~ 4.1 S/m at 5.8
GHz. ltcan be seenintiégure35( b and d) that t heesnselyr-@2nvel op
S/m/°C from the baseline value at 915 MHz and slowly rise (~0.005 S/m/°C) at 2.45 GHz in the
temperature interval of 23 °C < T < 98 °C. However, at 98 °C for 5.8 GHaytdeops to 63.5%
of its value at 23 °C. In the temperature interval of 98 ¥ 425 °C, a decrease rate of ~ 6.07
0.11 units/°C was seen for mean envelope values. At 125 °C, the mean envelope reduced to ~ 86
89% for 915 MHz and 2.45 GHz from their corresponding baseline values at 23 °C whereas a 94
% drop is observed in the cask5.8 GHz. This drop is again attributed to tissue desiccation and
water vaporization. For the interval, 125 °C < T <150 °Cpthalues remain constant (close to

zero). The upper and the lower envelope provides a detailed account on teanmpée vaability
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of measured fibroid tissues effective conductivity values. While the trends observed in this study
are consistent to prior studies of dielectric properties of [6@}, [135], [154], [165], [166]and
lung [63] tissues, however the absolute values are different in the case of fibroids.

It can be seen from the scatter plotsFigure 3.6 that the measured desdtric data of
individual fibroid samples has a sharp transition at temperatures close to 100 °C. Moreover, for
frequenciedess thar2.45 GHz, the effective conductivity increases with temperature till ~98 °C
and then decreases sharply. The piecewisarifulmction was used for the parametric fitting of
the fibroid dielectric data since it allows a way to capture the rise and fall of dielectric data with
respect to frequency artdmperaturewhich could not be captured otherwise with a sigmoid
function.

Figure3.7 presents a quantitative analysis of the errors in our parametric fittings (shown in
Figure3.5) as compared to the ngrarametric values at each point across all measured temperature
and frequency for all three envelopes. The maximum ermanialues is observed aroua@0 °C
at all frequencies for all three envelopes as showkigare3.7(a, ¢ and d). The maximunmrer
i neft Values is generally observed around higher frequencies at baseline temperature and around
100°C as illustrated irFigure 3.7(b, e and f) It is apparent fronfrigure 3.7 that the maximum
deviation of the parametric fitting was observed in the case of upper envelope and the mean
envelope has the highest match with the-parametric data.

Tissue dielectric properties are susceptible to variations which can be broadly classified
into: 1) variations due to measurement setup errors and 2) tissue sample vahtreonser, the
rapid changes in the tiss utodadhighdantgmnsperatiads (st at e
100 °C) add considerable variability to measurements. We have tried to capture the range of data

variations observed in our experiments at these elevated temperatures (in terms of upper, lower
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and mean values)n compaison to other tumor tissues, the variations seen in fibroid dielectric
properties at baseline room temperature are relatively higher than liver and colon tumors and are
in the similar ranges as that of the variations in excised breast tyhats In fibroids, the
standard deviation af ranges from £5.25 . 6 2 craamges flom + 0-0.28 S/m for 915 MHz

and 2.45 GHz respectively. While in ar vivomalignant liver tissugl68]and colon tissuglL69],

the standard deviation ofis £3.03 . 1  u n d« targyesdronct 068.11 S/m at 915 MHz and

2.45 GHz respectively. Due to the heterogeneity of fibroid tissues, it was anticipated that there will
be substantlavariation in the dielectric properties of fibroid tissue taken from several samples and
also at different locations of the same tissue sample.

Figure3.8 provides parametric models of dielectric properties with respect to the logarithm
of thermal dose, which allows for changes in dielectric properties to evaluate as a function of time
temperature history, rather than temperature alone.

In the presenttady, we employed an established higinperature dielectric probe kit for
measuring dielectric properties of tissue at elevated temperatures, similar to other g8fies (
[64], [170]1[172]). A challenge with dielectric property measurement techniques that require
contact with the sample is that heating of the probe may lead to additional uncertainties in
measurements. Nerontact dielectric probe methods, such as transmid¢siead antenna or
waveguide techniques, may provide a means to reduce potential un@thirgito measurement
probe heating.

One of the limitations of this study is that the dielectric characterization of fibroids was
doneex vivo While it is appealing to measure the dielectric properties of tissue in their imative
vivo state, the presena# blood near the dielectric probe when inserted into perfused tissue can

cause additional uncertainti€s35], [168] Tissue extraction has minimal effects on dielectric
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properties if the measurements are performed within few minutes of eXdigRjfl74], however
in our study due to the technical limitations of transporting the tissue to the experimental setup,
the measurements were performee3®dh postsurgery. Secony, tissue sample availability was
limited as hysterectomy is predominantly an elective procedure and retrieval of a whole fibroid
from the extirpated uteri is difficult. Thirdly, the variability analysis with respect to tissue
composition is limited by #nfact that pathology reports of the tissue samples were not available.
3.5 Conclusion

The temperaturdependent dielectric properties of uterine fibroid over a broadband
frequency (0.8 GHz) and temperature range {230 °C) have been reported for thstftime in
this study. We have developed parametric models for the dielectric properties of fibroids which
can be used in computational models and tissue mimicking phantoms for design, optimization and

testing of therapeutic devices for microwave freaqiesn
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Chapter4-Desi gn and Evalwuation of Mi

Appl i d @frroarss ceirlyn @wiad Abl ati on

4.1 Introduction

Microwave ablation (MWA) is under investigationas a minimally-invasive thermal
ablative approachfor treatmentof uterine fibroids. MWA has the potential of producing
consistently higher tissue temperatures (for larger ablation volumes) in relativelpstiod of
time in highly perfused tissseMWA hasalreadybeenemployedfor the treatment of tumors in
the liver, lung and kidnej47] in clinical settingsRecently, tliere has been a growing research
interestin usingMWA for the treatment of fibroid&ia percutaneoud.0] [11] and transcervical
[49]i [52][44], [45] approaches The basic components of MWA ahégh power microwave
generator, and a microwave applicator for power delivery from the generator to the target tissue.
The applicator consisbf a feedline transmission cable (most commonly coaxial cable) with the
distal tip modified to create an antenna that radiates microwave power to the surrounding tissue
[132]. The most commdyg usedMWA applicators employ needlgased antennas (morae
[175], dipole [176] and slot antennfs/7]) which yield a nearly spherical ablation pattern.
Antenna designs for microwave tissue ablation have recently been reviejd8a]inThe degyn
of a microwave antenna is the mastegral part in the development of a microwave ablation
technology since the ablation patterns rely on the antenigndes

During fibroid ablationthermal sparing of adjacent tissues to the fibroid is of high priority
in order to preserve t héenvephmabediw ofdilraidlablation t o b
treatment is to maximize the nperfused volume of firoid for symptom relief43] by inducing
cytotoxic temperatures (>88°C [37]) in the fibroid tissue, while strictly minimizing the

collateral damage to the surrounding healthy tissues of Ui4lis[45] and the organs around
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uterus[46] (e.g. bowel, bladder) by ideally maintaining salidative temperatures in thdjacent

non target tissues. Transcervical microwave ablation of fibroids offers the opportunity for a
minimally invasive[53] access through a body cavity (cervical canal), thus minimizing the risk of
damaging the organs adjacent to uterus (such as,nrediadder and the intestinal traci.
Technologies for hysteroscofyided ablation of fibroids via a transcervical apprg#tistrated

in Figure 4.1.) are attractive for submucosal fibroids because of their reduced invasiveness
compared to other approachgs3]. Existing MWA applicators are not compatible with the
hysteroscopy guided ablation of uterine fibroids in terms of the dimensions of theatgpdind

the shape and size of the ablation pattdtesice, there is a neéat sitespecific design of MWA

applicatordranscervicatreatmenbf fibroids.
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Figure 4.1 Transcervical hysteroscope microwave ablation of fibrojdsanatomy ofuterus
([58]; https://commons.wikimedia.org/wiki/File:Hysteroscopy.png (b) insertion  of
transcervical microwave applicator into the fibroid through the cervix via hysteroscope
closer view of applicator insertion inside the fibroid (d) Terminal portion of hysteroscope
channels with different channels for optics, fluids and working channel for applicator inse
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The most commofrequency used for MWA i8.45 GHZz[46]. The electric field radiated
by an MWA applicator placed inside the fibroid tissue is absorbed in the target tissue producing
frictional heat and ablative temperatures and subsequently rgsultirssue coagulatiofi31],
[132], [134] The spatial profile of the electric field radiated into the target tissue is determined by
the geometry of the antenna, operating frequency, electromagnapierties of the tissya34]
[59], [135][63] and the power transfer efficiency thie applicator from the feedline transmission
line to the radiating part of the antenna. Several antdesigns have been developed for MW
of other sitespecific treatmentand the goals of antenna design sucl)aan efficient power
transfer from MW generator to tissue and 2) a radiation pattern comparable to the shape and size
of the target tissyeare applicable in fibroid MWA applicator design. However, unlike the
treatment of malignant tumoris,is not essential tablatethe entirefibroid tissue volumgewhich
comeswith a high likelihoodof damaging the surrounding tissgsance the aim of broid ablation
is symptom alleviation for which 100% ablation of the fibroid tissue may not be ngji¢di1].
A technical challenge which remains unresolved in the previous applicator deseyts which
they could not be employed for site specific fibroid ablaisathesphericity of ablation zondsee
Figurel.2). There exista tradeoff betweethe fractional volume of the fibroid that is ablatedi
the safety of the adjacent ntarget tissues due to the gradual temperature rolraif fablative
to subablative temperatures. Anotharallengds the power attenuation along the feedline cable
of the microwave antenna which leads to heating of the cable and may cause heating of adjacent
tissues and breakdown in structural integrityhaf table. In most ablation applicators, to enable
high power use, these issues are mitigated by employing active cooling strategies (e.g. water or

gas cooling]133].
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Apart from the design challenges of a MWA applicator there are some added constraints
in a hysteoscopy guided transcervical MWA of fibroidhe applicator diameter should less
than theworking channel of the hysteroscopgpically, 3 mm), the length of the applicator should
be more than the length of the hysteroscope (i.e. more 3Racr), and the applicator should
provide a sharp radial transition from ablated to-ablated region with a spherical ablation profile
for small submucosal target fibroids-8lcm diameter) to mamwiize ablation outcome and
simultaneously minimize the risk of damaging the surrounding tissues.

During the design and evaluation, and manufacturing validation, of microwave ablation
devices, issue mimicking phantons [178]i[186] serve as powerful tools forcomparative
assessment of candidate technologies. While experimestyinoandin vivotissue may be more
representative of the intended clinical use, tissue mimicking phardamsbe constructed in a
repeatable and reliable manTissue mimicking phantomsith material properties tailored to
match the target tissue properties laegpful for assessing thermal profiles of prototype ablation
devices in a benchtop experimergatup[181], [183] However, majority of the tissue mimicking
phantoms for thermal ablations require use of invasive temperature sensors for monitoring
ablations which are prone to placement inaccuracies. Thehnoonic gel phantoms provide a
meandor spatial assessment of thermal profdsshere is a gradual and permanent change in the
color of the gel when exposed to speciidativetemperature$~60°C) [179], [182], [184]

The objectives of this study were 1) to designMWA applicator to create spherical
ablation zones inside-3 cm diameter uterine fibroidsuitable for use under hysteroscopic
guidance?) to evaluate the antenna performanaeienchtop experimental setup and 3) to design
a tissue mimicking phantom fdahe assessment of ablation profiles created by the MWA

applicators.
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4.2 Methods

4.2.1 Applicator design

An applicator for transcervical hysteroscopic microwave ablation of fibroids was designed
with the following goals:1) diameter of applicatdess tha 3 mm (i.e. inner diameter of the
working channel of hysteroscope), 2) length of the radiating element of améssrtharb mm
suitable for central placement insidel cm diameter fibroid, 33hapeof the radiation pattern
shouldbe aligned withihe shape of the fibroids which arearspherical, and 4) the transition zone
between the ablated and thermally unaffected zone should be as small as possible for maximal
fibroid ablation volume and minimal damage to surrounding tissues.

It was hypothesized that a watsyoled monopole microwave antenna design operating at
a frequency higher than conventionally employed 2.45 GHz MWA applicator i.e. 5.8 GHz
applicatordue its shorter wavelengthould provide shorter, spherical ablation esnn 13 cm
diameter target tissu® maximize fibroid ablation volumes while thermally protecting the
surrounding tissuedVater coolinghas beeremployed for several reasomsthe designl) to
prevent overheating dhecable2) to providea suitablymatched impedander the radiator3) to
limit backward heating along the shadnd4) high electrical permittivityof waterreduces the
electromagnetic wavelength and consequeatlyreasethe antenna radiating length32].

4.2.1.1Applicator diameter

Sincethe applicator diameter needs to less tharB mm, a UT34 feedline coaxial cable
(from Microstock Inc.) was centrally placed inside two concentric sy polyimide tubes
(American Durafilm). Water cooling was incorporateé monopole antenna through the shaft of
the applicator via these polyimide tubes. The outer tube (outer diameter = 2.146 mm and inner

diameter = 1.892 mjrwas used as the water fioiv and the inner tube (inner diameter = 1.422
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mm and wall thickness = 0.038 mm) served as an inflow tube. Since the outflow tube serves as a
catheter enclosing the applicator elements, it was extended beyond the monopole tip whereas the
inflow tube was cut 0.5 mm above the monopole junction. Thisnddgeof the selected
componentgprovidesa continuous flow of water inside the applicator and back to the reservoir
with an applicator diameter which is compatible to the size of the hysteroscope working channel
(i.e. outer catheter diameter ~2.15 mm <r8)mn

4.2.1.2 Antenna length

The |l ength of the applicatorés radiating
wavelength) hinside the tissue. Usuallthe antennas performs efficiently if thés of the order
of the length of the radiating element oftenna which can be calculated using the following

equation:

~

.
AR
whered = speed of light = 3 x 1¥) f = frequency, and = relative permittivity whichis a function
of the diameter of <coaxi al c cheledtrie propertesaf theat i n g
catheter and surrounding tissue.biological tissued, is in the order of a few cm which places a
limit on the minimum length of the antenna radiating element for ablation applicgt®fis

For achieving maximum ablation volumes inside the target fibroid, the monopole junction
(maximum temperature point) has to be placed at the center of the fibroid. Since we wanted an
applicator for 33 cm diameter target fibroids, one of the major challenge faced in the 2.45
GHz MWA applicators was that the monopole length is greater than the diameter of 1 cm fibroid
[188]. In our application, the antenna lengthimsiled by the 1 cm fibroid case since the distance

from the monopole junction to the tip of the

We chose a higher frequency of operation for our applicator design as it has a shorter wavelength
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and was epected to reduce the length of the monopole. Once the frequency of operation of
applicator was chosen, we designed an appropriate length of the antenna for our application.

A clearance of at least 1 mm is needed between the monopole tip and the ardeiona en
the water flow and an allowance of ~1.5 mm has to be kept for sealing the distal end of the
applicator. Hence, the antenna monopolglenh has t o b e applicRorinsertionm t o a
beyond the fibroid diameter into the Rtarget tissues. Wexied the length of the monopole at 2.5
mm and tried to adjust the shape of the radiation pattern and reflected power with other antenna
design elements in the computer simulations.

4.2.1.3 Radiation pattern

One of the design requirements for the MWA aqgtlbr was to create nearly spherical
ablation zone to match the shape eB tm target fibroids for achieving maximum ablation
volumes. The challenge in a monopole applicator design is undesirable heat along the antenna
length due to the propagation elecmagneti ¢ wave along the outsi
conductor which leads to napherical ablation patterj&89]. In order to shape the radiation
pattern, the electromagnetic heating loss along the applicator shaft needsstribted.

To resolve the aforementioned issue, two design elements: balun and dielectric loading
were utilized as illustrated iRigure 4.2. A balun/choke[190], [191] consists of a conductor
surrounding the outer conductor of amtarfeedline with a dielectric separation in between and
eledrical shorting at thegnd of the feedline cable (i.e. the monopole junction). According to the
transmission line theory, a shorted quarter wavelength balun inhibits the wave propagation and
current flow outside the outer conductor of the feedline cable due to its infinite input impedance
which thereby leads to spherical ablation zones. The performance of a balun in shaping the antenna

radiation pattern depends on length, width and axial positidghe balun [189]. Moreover, a
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balunés geometric specifications are adjusted
achieve desired ablation patterns. In a practical designyater inflow was maintained belative
balun by creating electrical connection of the balun conductor at the junction point while
mechanically leaving some space for the water infldvich can be seen in the cressctional
view in Figure4.2 to employ cooling below the balun in the applicator.

To further improve the sphericity of the ablation pattern, loadiBg], [190], [192][194]
of the radiating monopole was employed with the dielectric material eBUT coaxiral cabl
2.1).

Parametric length sweep optimization was employed in computational simulations for
finding optimal di mensions of bal)whiderdstGchng [ mm] )

the dimensions within the catheter and antenna dimensions

Dielectric loading

Bal
alun '

2.15 mm

D C
Catheter " J \

Water
Copper
Teflon
Epoxy

Matching Network

I

Coaxial Cable = UT-34
Monopole = 2.5 mm

Figure 4.2 Schematic for applicator desigih6denotes the length of balu@édenotes the
length regired for dielectric loading of the monopot€ddenotes the distance of the matchi
element from the monopole juncticend M6 denotes the length of the matching elemen
the longitudinal section view of the applicator. The cross sectional viewtfifeedline cable
and the tip of the applicator illustrates water channels and conductors.
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4.2.1.4 Reflected power

Although a high feed impedance is desirable for suppressing the currents along the outside
of the outer conductor (for spherical radiation patterhs)ay leado alarge impedance mismatch
between the feedline and the anteand an inefficient transnggn of powerThe ratio of power
delivered to the antenna to the power reflected back to the source due to impedance mismatch
between the transmission line and antenna is represented by antenna ret{i87pdsSor
maximum power transfer from the feedline to the antenna with negligible reflected power it is
required to match the input impedance of the monopole radiator pato (Be feedline coaxial
cable (= 50 VY) . I f there is a mismatch bet ween
experiences complex impedance which is a function of the line length. To resolve this issue, a
matching network was designed inside thaxital cable to increase the capacitance of the antenna.
The inner conductor of the coaxial cable was widened (~0.2 mm) to reduce the distance between
outer and inner conductor. This would provide a larger capacitance which would shift the phase of
reflection coefficient along the coaxial cable for better impedance matching between the feedline
and the antenna.
Following steps were taken for designing theahitg network using admittancen8h chart
1. First, the distance of the capacitive element fromthem@ ol e juncti on (den

Figure4.2) was calculated.
a. The computer simulations of applicator were done in the tissue medium (as explained
in computer modeling section) without the matching network. The reflection
coefficient (|1]) was obtained at the port. Assuming a lossless coaxial cable, it was

considered afSi1| at the monopole junction.
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b. Next, the distance from the monop@leaction was calculated such that the reflection
coefficient shifts to a point in the left quadrant of the capacitive admittance in the
admittance &ith chart.

1 For this purpose, the wavelendthyas calculated inside the coaxial cable and
traced back téhe monopole junction as follows.
) AT R
Where ¢ = speed of light = 3 x®ins?], f = frequency of applicator = 5.8 GHz,
R = dielectric constant of coaxial cable = 2.1.

Distance to junction = Modulo (length#¢)

s L A x own o~

N CA T

C

Hence, the starting point &mith chart =3 A .
T Then th® dmglme tdhhe starting point to the
Smith chart is calculated.
[ A N
1 The distance from the junction to capacitive element for the matching network is

calculated from—as follows:

s 1.1
CAG

2. Finally, the I ength of t heFigored@avas caldulated ae | e me r

follows:

a. Initial estimate of D was.
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b. To move the reflection coefficient to the center of 8ngth chart, optimal length
of capacitive element, D is found by parameter sweep simulation (betweer)0 and

for given inner wire thickness to obtain the lowest reflection coefficient value i.e.
smallest amplitude.

4.2.2 Computer Modeling

A two dimensioml axissymmetric finite element model was employed in COMSOL
Multiphysics (v5.6, COMSOL Inc., Burlington, MA) due to the cylindrically symmetric geometry
of applicator. While designing different antenna elements, we simulated the electromagnetic field
and temperature distribution of the applicator within the target tissue to predict the ablation
performance of the applicatfit95][196]. Due to the lack of dielectric property data on uterine
fibroids in theliterature,we used the dielectric properties of ex viwer tissuefor this analysis
Liver tissue is the most established and widely used tissue for tablatipnapplicator designs

[188], [197].

4.2.2.1 Equations
The following governing equations were discretized with the finite element method (FEM).
1. The timeharmonic Helmholtz electromagnetic wave equation was solved for estimating the

spatial distribution of the electric field in tissue as given in equation (4.1).

nAT - — A 1h (4.1)

In the equation 4.E is electric field [V m'], T is the wavenumber in free spacein is
relative permittivity,, is effective electric conductivity [S#),] is angular frequency [rad s

Y and- is the permittivity of free space [F
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2. The timeaveraged electromagnetic losses were calculated using equation 4.2.
~ P

3. The Pennesd6 bioheat equation was used to con
given inequation 4.3.

w o ) )
” %a—b JQ Y0 a o Y Y (4.3)

In the equation 4.3, ds the volumetric heat capacity [J%RC Y], T is the temperature [°C], k
is the thermal conductivity [W m°C?], i is the temperature dependent blood perfusion in
the liver tissue an@ is the specific heat capacity of blodd. is the physiologic temperature
of the blood. The initial tengrature in all tissue regions was set to 37 °C in the whole
simulation domain.

4. TheArrhenius mode]12] was utilized to estimate the ablation coverage in the tisiogving
MWA. The Arhenius model computes the thermal damage as function of time and

temperature as shown in equation 4.4.

T O0ADD 0 Q¢ 4.4
m 0 Yo 20 (4.4)

In the equation 4.4y) T isthe Arrheniuglamage parameter, A is the frequency factor = 5.51
x 10*[s?], O is the energy barrier = 2.769 x>0 molY], R is the gagonstant = 8.3143 [J
molt°C?Y, "Yo is the spatial temperature profile as a function of timefandotal time of

the accumulation of thermal damage in the tissue. The values of ® amdre incorporated

to model tissue discoloration following hewt and allow a comparison with the experimental

ablation zone§l99]. For assessing the extent of ablationezage a damage contoum p
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which corresponds to 63% of the completion of thermal damage process, was overlaid on the
temperature maps obtained from the simulations.
5. To monitor the safety of the surrounding tissues (i.e. outsglen target zone), safecontour

was determined using Cumulative Equivalent Minutes at 43°C (CEMA43) thermdb8ise

60bo Y Qol ET (4.5)

In the equation 4.5t is the time for which the tissue was kept at temperafurR is a
compensation factor for 1°C change in temperature which equals O0i5for 4 3 and O.
forTO 43 . In this study, the extent of the
CEMA43, was considered as a threshold between reversible andsioey¢ghermal effects to
the tissue.
4.2.2.2 Geometry
The geometry of the model is shown in #igure4.3 which includes a MWA applicator
and livertissue. The pplicator schematicencluded only the monopolaitially. The balun,
dielectric loading and matching network were incorporaegglientiallybased on the parametric

optimizationfor therequired lengths.
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Figure 4.3 Geometry of the model in COMSQWultiphysics software.

4.2.2.3 Materials

For equations (4.1) and (4.2), tissue dielectric property values within liver tissue were taken
from[135]at t he applicatorés operating frequency
properties in tissue domain, and the thermal and dielectric properties of wateakerdrom
[200].

4.2.2.4 Boundary conditions

At the outer boundaries of simulated space, the Sommerfeld radiation condition was
applied usig the approximations given in equation 4.6:
i n A O AT nh (4.6)
where n is a unit vector perpendicular to the specific boundary.

Furthermore, outer boundaries of the simulated space were subjected to a thermal

insulationboundary condition:
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oy m (4.7)
A convective heat flux boundary condition was applied on the shaft of the applicator to
mimic the internal cooling of applicator.
B @Y  “Yh (4.8)
wherefi s the modell ed heat sink, R¥danddéobliogx coef f

water temperaturé&’ was 15 °C.

4.2.2.5 Meshing

The overall size of the simulation space was 7 c@5 cm. he size of mesh elements
was optimized by gradually decreasing the mesh size in each domain and monitoring the changes
of model output (as defined by maximum temperature around the applicator and ablation size and
shape). The largest mesh element sizes (where model output deviations were insignificant with
respect to the model with the highest density mesh elements), wesndb@rovide a reasonable
balance between computational complexity and spatial resolution.

The triangular mesh density was kept highest at the input port, balun and matching network
(0.01 mm). The spacing of mesh elements was coarser in other eleférsapplicator (0.05
mm). In the tissue, the largest distance between two elements was 3 mm. The total number of mesh
elements in the model was around 210,947, the maximum number of degrees of freedom was ~
1,489,213. The average time to complete oneukition was approximately 460 min. The
models were run on a system with an Intel(R) Core(TM)590 CPU operating at 3.3 GHz with

a 32 GB RAM.
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4.2.2.6 Optimization for radiation pattern and impedance matching

The length of the balun and dielectric loading over the monopole were selected using

parametric sweep optimization and monitored for the speabisorption rate pattern in the

electromagnetic model at timestO s.The radiation pattern or the specific absorption rate (SAR)

were monitored by plotting the electromagnetic heating prafiler the firstfew seconds of

heating. The most optimum SARaslIp e

dielectric |l oading

s were obtained f

of Figu®4. = 2. 5 mm

Electromagnetic Power Absorption in tissue at P =35 W
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Without choke

mm

or a bal un
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Figure 4.4 Demonstration of optimization of antenna radiation pattern in a 3 cm target.

The length and distance of mhing element from monopole were optimized in the

simulations wusing

parametric sweep.

A mat chi

= 3 mm from the monopole junctieamproved thematching for the antenresdisplayed inFigure

4.5. |S11| before matching was.53 dB and |S11| after matching wasl€@ dBwhich provided

good antenna return lo§se. greater than 90% power transmission to therana)
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Figure 4.5 lllustration of optimization for impedance matching

4.2.3 Applicator fabrication

After determining the optimal lengths of balun, dielectric loading of the monopole antenna
andmatching network using iterative adjustments in simulations, the antenna was fabricated in the
lab as described in Appendx For an initial prototype, the total length of the-3% cable was
keptto a few mm more than the length of the applicator inatvaputer model t@llow some
margin of fabrication error. The first step was to make the connector over the proximal end of the
UT-34 coaxial cable for transmission of microwaves from the feedline cable to the applicator. A
henostasis valve was fixed witbpoxy over the proximal end of the applicator shaft (for water
flow). After that the dielectric and the outer conductor from the distal end of ti&dipplicator
were taken off according to the dimensions of matching network and monopole length. The
matding network was built at a distance from the monopole junction (calculated from the
simulations) and was covered with the dielectric and outer conductor. Then the dielectric was

placed over the monopole. Next, the balurs weeated by placing a conductmrer the outer
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conductor of coaxial cable while leaving an allowance of the inflow of water (described in detalil
in Appendix C). The antenna was immersed anbeaker filled wither wateto measure the
broadband reflection coefficients of the antenna whith ector network analyzer (HP 8753D).
After confirming adequate impedance matching at 5.8 GHz i.e. |S1Q|dB, the water channels
were created with outflow and inflow polyimide tubes, vaha®l epoxy. Extra care was taken
while sealing the applicatat the distal end so that the epoxy stayeastl-1.5 mm away from

the monopole tip. After drying of epoxy, the antenna was tested for water flow and leaks.

Once the applicator performance was tested in ex vivo tissugher applicator was
fabricaed withthe applicator length@t the proximal endncreasd to more thar82 cm to fit the
hysteroscope working channéd.should be noted thahére was no need to change the distal
(monopole) endliimensions.
4.2.4Evaluation of applicator performancein ex vivotissue

Freshly excised bovine liver was obtained from a local slaughterhouse, transported in
plastic bags placed over ice packs, for the experimental evaluation of the applicator. 7 cm x 7 cm
x 7 cm samples of liveigsue were prepared in the lab, were sealed in a plastic bag and were
preheated to physiologic temperatures (335°C) in a water bath. After warming samples to
physiologic temperatures, they were taken out from the plastic bags and placed on a bexychtop t
The applicator was introduced into the sample such that the insertion depth of the applicator (tip
of the monopole to the surface of the liver) iseaist 6 cm inside the liver sampke microwave
signal generator (HP 83752B) was used to providendiragmus wave sinusoidal signal at the 5.8
GHz frequency. To amplify the signal to desired power (15 W to 35 W)-statd microwave

amplifiers were used. A microwave power meter (Bird 7022, statistical power sensor) was
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Figure 4.6 Setup for applicator evaluation &x vivobovine livertissuesample

employed to monitor forward and reflected power during ablations. Cooled WdierrC) was
circulated through the applicator througpeistaltic pump (Cole Parmer 7580, Vernon Hills,
IL, USA) at a rate of 80 [ml mid]. A total of 9 experiments were performed with 3 sets of
experiments for each target zone (i.e. to create ablations in 1 cm, 2 cm and 3 cm targéheone).
experimenthsetup is shown ifigure4.6.
4.2.5Evaluation of applicator performance in tissue mimicking gel phantom

4.2.5.1 Preparation othermo-chromic tissue mmicking gel phantom

Thermachromic phantoms provide a facile means for visualizing spatial heating patterns
from candidate ablation technologies under tBstyacrylamide basethermochromictissue
mimicking gel phantom have been previously employed for several HIFU, RFA and MWA
applicationg182], [184][179]. To prepare thermohromic tissue mimicking gel phantamthis
study, the formulation wastaken from [184]. Briefly, the phantom was prepared using
polyacrylamide gel anthermachromic ink which graduallgnd permanentlghanges its color at
ablative temperatures (~ 60 °C). The ingrediesitsthe gel plantom and their respective

proportions are enlisted ifable 4.1. First, a mixture of aqueous solution of 40% (w/v)
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acrylamide/bisacrylamide With feed ratio of 19:), deionized water, sodium chloride atheérmao
chromic ink Kromagen WB flexank magenta K60,.CR Hallcrest, LLC, Glenvieywvas formed

in a glass beaker at room temperature (~23 °C) using magnetic stirrer. After thorough mixing of
the abrementioned ingrediés) Ammonium persulfate (APS) was added to initiate polymerization
andN, N, NNNNjetramethylethylenediamine (TEMBMas added as a catalyst for polymerization

of the gel. Acylamide/Bisacrylamide APS and TEMED were purchased fr@igma Aldrich,
Milwaukee, WI.

The final solution was instantaneously transferred to the 4 mL glass vials and plastic
containers of required gel dimeaoss, sealed anplaced in a refrigerator (at°€) to allow slow
polymerization. Otherwise, if the paherization happens at room temperature, the temperature of
phantom mateal risesdue to the heat generated in the polymerization prg264$ which will
result in undesired and confounding color chandé® phantom was kept in the refrigerator until
use.Figure4.7 displays a block of gel phantaah room temperature (~ 28) which wagprepared
for testing the MWA applicator.

Table 4.1 Formulation of thermahromic tissue mimicking gel phantom

Sr. No Ingredients Proportions (%)
1. 40% (w/v) acrylamide/bigcrylamide (19:1) 17.5 (v/v)
2. Kromagen WB flexo ink magenta K60 5 (viv)
3. APS 0.14 (w/iv)
4. TEMED 0.14(vlv)
5. Sodium chloride (NaCl) 0.9 (whv)
6. Deionized water 76.1 (vIV)
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Figure 4.7 A block of thermochromic tissue mimickiggd phantom at room temperature.

4.2.5.2Assessment ofel discoloration with temperature

The gelsamples were heated at specific temperatures in a water bath for different time
durations from 80 min. The therma@hromic gel permanently changes its color according to the
maximum heating temperature it has been exposed and iensitivee to theduraton of heating,

in agreementvith previous studiefl84].

Set 3
25°C 50°C 55°C 60°C 65°C 70°C 75°C

Figure 4.8 An example set of gel phantom illustrating gel discoloration from its r
temperature value (25 °C) at different peak temperature values.
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Next the gel samples which were heated to specific temperatumesplaced i@ portable
Mini Photo Studio BoXSANOTO, Whittier, CA) A 12 megapixel Samsung Galaxy S7 camera
was used to capture the images in consistent background lightingi@osidtigure 4.8 displays
the gel discoloration at respective maximum temperature values. It can be seen in the figure that
noticeable color changesaug after 50 °C. Moreover, the gel samples were heated beyond 75 °C

but the color remains the same as that of 75 °C.

4.2.5.3 Determination of RGB values and thresholds

To determine the RGB value evolution with the rising temperature, following procedure
was employedA custom made tool in MATLAB was uizled to perform color correction (based
on white background color correction algorithm) and to collect the RGB values at the specific
chosen pointsselectedo avoid the lighting artifacts due to reflection from the surface of glass
vials, as illustratedn Figure4.9. This procedure was repeated for ehperatureet point(i.e.
6 temperatures and 7 sedadptal of 42 sample$. The RGB value atach point wa noted as the

average oveBx3 pixels inregion of interest

Set 3 Set 4 Set 5
50 °C 55°C 60 °C 65°C 70°C 75°C 50 °C 55°C 60 °C 65°C 70°C 75°C

50°C 55°C 60°C 65°C 70 °C 75 °C

Figure 4.9 Sample sets displayed as an example to demonstrate the color change as a
of temperaturdrom 5075 °C after white correctionEach set was comprisedl 6 sample®f

phantomwhich were heated at constant temperatur&® 8C, 55°C, 60°C, 65°C, 70°C and
75°C. The red circles show the points taken for extracting the RGB values
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Figure 4.10 RGB values as a function of temperatofgained from 7experimental sets
Sigmoid function was used for parametfitting of values of each color channel

temperatures ranging from 5% °C.

RGB values at temperatures ranging from750°C were consequently fitted with a

sigmoid function at each of the color channels independently by nonlinear least squares iterative
method as shown iRigure4.10.

The sigmoid function for each channel was calculated using equation 4.9.

Thr_channel (T) = T+ A (4.9

Where Thr channel is the threshold for eeach c¢
from 5075 °C. APAPA AT A are the fitting coefficients which are providedTiable4.2.

Table 4.2 Fitting coefficients for sigmoid functions of RGB channels freda/5 °C.

Channels Fitting coefficients

H H H H
R channel 110.8139 76.1119 5.7726 145.5464
G channel 167.5746 59.2952 3.4657 41.1028
B channel 81.5766 69.0852 5.4209 76.9208
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4.2.5.4 Measurement of dielectric properties

The properties of the tissue mimicking gel phantom were required for the computer
simulations to compare with the experiments. The dielectric properties of the gel phantom were
measured usinghe operended coaxial probe method (similar to measurementstegpin
Chapter 3J202]. KeySight 85070E probe was utilized to measure broadband complex reflection
coefficient with the use of Vector Network Analyz@NA) (HP8753D). For minimizing the
measurement error, the gel samipées to begreater tharl cmin diameter We alsoutilized the
hot plate and custom copper template to heat the tissue sample up to ablative temperatures. Finally,
fiber optic sensofNeo pt i X E | n c .) was Qsedetd raonitor@id save the temperature

concurrently with dielectric measurements as showsigare4.11.

Keysight 85070E probe
Qualitrol
Optilink TM
l C
T HP8753D

Copper box :VNA

Gel Sample - E% Kjeci—

[ Hotplate | Yl T)
| Stand | J

Inversion

P
sr(f' T) Gef(f' T)

Figure 4.11 Schematics illustrating the measurement setup of gel dielectric propertie
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The dielectriqoroperties were measured on 8 gel samples with multiple measurements on
each sample (total 38 readings on room temperature and 1 readéhgvatedt e mper at ur e
rangingfrom 22 °C to 100 °C). The temperature dependent dielectric data collected femm the

experiments (shown iRigure4.12) was used in computer model$e fitting coefficients for the

dielectric properties of gel phantom are givedppendix D.
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4.2.5.5 Measuremenof thermal properties

Thermal properties of theéssue mimickinggel phantom were measured with thermal
measurement equipment (SH3 Thermal Probe, Tempos Data hub) employing Dual Needle
Algorithm [203]. One needle is used for heating the tissue while the other one serves for
temperature gradient measuremé@ihe instrument reportglumetric heat capacity (MJ m3 K-
1), thermal conductivity (fW m™* K1), thermal diffusivity (ddmm? s']) andthermalresistivity
(r [°C cm WY)) from the measured data. Measured data are acquired during the heatiigaas we

cooling phase of readindgrigure 4.13 shows the experimental setup for measuring the thermal

TEMPOS

© O

f

Dual Needle
Algorithm

P\

Sample

holder \\

Gel

Sample
Computer

Models

Thermal
SH3 dual needle probe measurement

equipment

‘(obe holder
NS -‘-1

‘e

4

Sample holder

—1

Figure 4.13 Measurement setup for thermal properties of gel phantom. (a) Schematics
measuring setup, (b) The required sample dimensions for SH3 dual need|apd{@ Actual
measurement setup with thermal measuring equipment with gel sample inside tme
designed sample holder based on the measuring equipment datasheet requirements.
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properties of the gel samples. Gel samples of dimensions 3 x 3 X 4 cm are requineaniae
the measurement error as mentioned in the datasheet of the measuring equipment.
Thermal properties of 7 samples were measured (total 16 measurements) at noenatten22-
23 °C. Thethermalpropertiesof the phantontomparewell with the vales reported ifprevious
studieq182] and are summarized in

Table4.3.

Table 4.3 Thermal properties of tissue mimicking gel phantoms.

Properties Measured values atroom temperature
Mean Std Min Max
KW mtK7] 0.51 0.07 0.48 0.61
r [°C cm WY 197.56 24.6 165.1 230.5
c [MJ n3 K'Y 3.31 0.41 2.62 3.81
d [mm?2 s!] 0.15 5x10° 0.15 0.17

4.2.5.6Experimental assessment of applicator in gel phantom

6 cm x 6 cm x 6 cm samples of gel phantom were prepared in thadaefrigerated. For
ablation experimenishe phantoms were taken out of the refrigeratorveaslleft on the benchtop
to stabilize the temperature of the gefdomtemperature (23 °CYhe gel was transferred to a
custom designed template box whicls s#ots for proper insertion of applicator as well as a matrix
of holes for the placement of fiber optic sensdise applicator was introduced into the sample
such that the insertion depth of the applicator (tip of the monopole to the surfaceloditoen)
is atleast 4cm inside thegel sample The fiber optic sensols Ne o pt i x E | n)avere Que b
placed inside the gel from the opposite end of the applicator at 5 mm, 5 mm and 10 mm (radial
distance from the applicator shaft) using 14 G MILA needlestath to ensure a straight trajectory
at the target location i.e. in line with the monopole junctidicrowave signal generator (HP

83752B) was used to provide a continuous wave sinusoidal signal at the 5.8 GHz frequency. To
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amplify the signal to desiregpower @5 W) solid-state microwave amplifiers were used. A
microwave power meter (Bird 7022, statistical power sensor) was employed to monitor forward
and reflected power during ablatioom temperaturezater 023 °C) was circulated through

the applicadr through a peristaltic pump (Cole Parmer 7584} Vernon Hills, IL, USA) at a rate

of 80 [ml mirY]. A total of 2 experiments were performed witht@mperature sensors in each
experimentfor measuring the temperatures in the expediedting zonego conpare the
temperatures predicted in the simulations each target Zbaeluration of firsheatingexperiment

was 3 min and for secomatingexperiment was 8 mirSince the gel material easily disintegrates
with the use of knife while slicing, the gel phantom was carefully sliced using csippet post

ablation The experimental setup is showrFigure4.14.

(b)

Figure 4.14 (a) Setup for applicator evaluation in tissue mimicking gel phantompdsi)
ablation slicing of the gel
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The imageof the gel post microwave heatingere taken using the same procedure as
discussed in previous sections and the white correction was appéied) the RGB thresholds
from the sigmoid function, the segmentation of the images @utdiom ablation was performed
a specific temperature values i.e. 55 °C, 60 °C and 7OR€following epressiorwas usedor
image segmentation.

(Image R channel (¥) < Thr_R (1))
&

(Image Gechannel (xy) < Thr_ G (1))
&

(Image Bchannel (xy) < Thr_B (T))

where Thr _ R zhreshold of R channel,

Thr _ G =threshold of G channel and

Thr _ B = threshold of B channel at a specific temperature, T.

Moreover, the measured temperature at the fiber optic sensor location was compared with
the temperature contours obtained in tinages for that specific temperature valuedadfy the
agreemenbf the gel discolorationlue to microwave heatingith gel discoloratiortemperature

mappingobtained from water bath heating
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4.2.5.7 Computer simulations of applicator in gephantom

Similar models were used for the computer simulations of applicator in gel phantom as
were used for the simulations in ex vivo tissue except the tissue medium was replaced by the gel
material. The measured temperature dependent dielectric pespant thermal properties of the
gel phantom were incorporated in the mod€le models were simulated with room temperature
values of thermal properties of gatdtemperature dependencéthermal properties aéx vivo
tissues since it was hypothesizadh at t he g el 6 svould hesimilardoltheex vivmp e r t i €
tissuesThe models were simulated according to the power and time used in the gel experiments
i.e. 25 W, 3 min and 8 min respectively. The ablation profiles and the tempsratorled athe
actual sensor location (verified after slicing) were compared with the simulation r@sués.
values of rate of change of thermal conductivity (dk) were simulated (0.024, 0.0031 and 0.038 [W
m? K1]) to predict the simulation results whiaould povide the best match with the

experimental results.
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4.3 Results

4.3.1 Applicator fabrication
Figure4.15displays the fabricated 5.8 GHz wat®oled monopole applicators with

water channels, coaxial cable connector for power input from the microwave generator and

heating tip for creating ablatis in 23 cm target zones.

Water outflow

“
Power in =i e <— Heating tip

Water inflow

(a)

38 WROILYN S31ve 81-6NE
bbb i Sl .ﬁ}-,‘\hl.h'ﬂl.i\s\vM!|-‘\\“I.‘Jmll||Imljl‘x.l'>‘v‘l|li||l;?w\HJM‘ o T A S AT ki
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Figure 4.15 Fabricatedb.8 GHz wateicooled monopole applicators (a) prototyjesign (b)
design compatible with hysteroscope lengthd c) Measured |S11| of fabricated antenn

water.
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4.3.2 Evaluation of applicator performance inex vivotissue
Figure4.16 displays the ablation zones created-8 dm diametetargets. It can be seen

in the figure thathe applicator is able to create almost spherical ablation zones wishoml

diameter target

15 W, 3 min 35 W, 10 min

009cmx1.0cmx 1.0 cm 1.8cmx2.0cmx2.0cm 25cmx2.7cmx 2.7 cm

1 cm target 2 cm target 3 cm target
Figure 4.16 Example magedrom theexperimental evaluation of 5.8 GHz applicatoexwvivo

tissue for creating ddtions in 23 cm target zonewith their respective power and tir
combinations

Figure4.17 shows comparisoaf the computer mdel simulations and theblation zones

obtained from the experiments.

Table4.4 provides a detagidanalysis to quantify the differences between the experimental

results and the simulations. It can be seen that the ablation boundaries from expéemwéhia

+1.5 mmof simulation predictions.
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Figure 4.17 Comparison of ablation profiles from experiments and simulations. For
fibroid size,mean values of thablation contour obtained from the experimental regalts 3
experiments) is overlaid on the temperature stfiagm simulations.

Table 4.4 Comparisorof ablation sizes achieved smmulation and experinrgs.

Desired | Power| Time Ablation
Atg?t'on (W) | (min) Height (cm) Width (cm)
ize
(cm) Simulation| Experimentg Diff. | Simulation| Experiments Diff.
ON't ON't
1lcm 15 3 0.80 0.9 | 0.86| 0.06 1.20 1.0 | 1.0 | 0.20
0.8 * * 1.0 + +
09 | 0.06| 0.06 10| 0.0 | 00
2cm 30 5 1.70 1.8 | 1.80| 0.10 2.20 20 | 1.96 | 0.24
1.9 * * 2.0 * *
17 | 0.10]0.10 19 | 0.06 | 0.06
3cm 35 10 2.40 2.5 | 2.46| 0.06 2.70 2.7 | 2.67 | 0.03
2.5 t * 2.7 + +
24 | 0.06| 0.06 26 | 0.06|0.06
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Figure4.18 shows the radial falbff of temperature profile while using 5.8 GHz applicator

from 55 °C (ablated zone) to 43 °C (thermally affected zone).

140 T T 1

—Fibroid diameter = 1 cm
—Fibroid diameter = 3 cm
1200 NC e Ablation coverage (55°C)|
Safety threshold (43°C)
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Figure 4.18 The radial temperature profile of 5.8 GHz MWA applicator (from the applic
surface)with 60 W applied power for-B cm target zoneat (10 s and 564) ®f ablation in an
ex vivatissue illustrating a gradual decay from 55 °C (ablated zone) to 43 °C (thermally al
zone)i.e. 2 mm for 1 cm fibroid and 5 mm for 3 cm fibroid
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4.3.3 Evaluation of applicator performance in tissue mimicking gel phantom

Figure4.19 shows achieved discoloration profiles in gel phantom after heating at 25 W
for 3 and 8 min and illustrates the thermal spread by three contours of areas wétatarap
which is higher than the given thresholds (i.e°6560°C and 70°C).

P=25W,f=5.8GHz

t=3 min t=8 min

B 70°c
1cm . 60 °C l1cm
55 °C

(2) (b)

Figure 4.19 Ablation profile of 5.8 GHz MWA applicatasbtained from experimenis tissue
mimicking thermechromic gel phantom with overlaid temperature contours calculated
the sigmoid function of RGB values of gel ditaration experiment(a) 1.3 cm ablatior
obtained with applied power 25 W for 3 min duration and (b) 1.3 cm ablation obtainec

applied power 25 W for 8 min duration where®&5contour is considered ablation boundal
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The 55°C contourobtained from experiments furthermore compared with the extent of

55°C from simulation inFigure4.20.

P=25W, f=5.8 GHz

t=3 min t=8 min

-20 -10 0 10 20 -20 -10 0 10 20
r [mm] r [mm]
(a) (b)

Figure 4.20 Ablation profile of 5.8 GHz MWA applicator obtained from simulations in tis:
mimicking thermechromic gel phantonproperties after optimization of thermal properti
(&) 1.3 cm ablation in experiments vs 1.6 cm ablation in simulations with 25 W for {
heating and (b) 1.3 cm ablation in experiments vs 1.9 cm ablation in simulations with
for 8 min heating wherg5 °C contour is considered ablation boundary.
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Furthermore, to verify the extent of color change with respect to maximum achieved
measuredemperature obtained after microwave heating and its comparison to colors achieved in
water bath heating as mentax in section 4.2.5.3, the set of experiments with fiber optic sensors
which were placed in known locations was conducted.

Table4.5 shows thentended and actual locations of fiber optic sensor tip as measured

after the heating experiments.

Table 4.5 shows the fiber optic temperature sernistended and measured locatioanspace (X,
y, z) and thenaximum temperatures recorded at each sensor at the specific sensor position.

Sensor Fiber optic sensor location in gedbm the Maximum
applicator shaft temperature recorde
While setting up in After slicing (°C)
template box x,v¥,2)
%y, 2) (mm)
(mm)
S1 (10, 0, 0) (8,+1,0) 38.8
S2 (5,0,0) (8, £1, 0) 42.3
S3 (5,0, 0) (2,1, 0) 88.5
S4 (10, 0, 0) (11, £1, 3) 37.9
S5 (5,0, 0) (5,1, 4) 52.0
S6 (5,0, 0) (4, £1, 3) 64.0
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The ®nsitivity of agreement between measured temperatures from S3 and temperatures
from simulations with regards to sensor displacement (from measured position) is illustrated in

Figure4.21where root mean square error (RMSE) for each displacement is provided.

-1 -08 -06 -04 -02 0 0.2 04 06 08 1
r offset [mm]

z offset [mm]
max(Te rror) [D C]

Figure 4.21 Sensitivity of agreement between simulated temperature and temperature fi
(as asessed by RMSE) with respect to sensor displacement.
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Figure4.22 demonstrates the agreement between measured maximum temperatures from

fiber opticsensors and corresponding color thresholds as predicted by the RGB sigmoid functions

for given maimum temperatures.

P=25W, f=5.8 GHz

t=3 min

B 5

lcm

(a) (b)

Figure 4.22 Validation of maximum temperature as predicted by achiedisdoloration and
as measured from the fiber optic senga)<Contour of maximum temperature recorded at
overlaid on thealiscolorationprofile (obtained from P= 25 W and 3 minreatingexperiment)
and (b)Contours of maximum temperature recorded atr#8bS6overlaid on theliscoloration

profile (obtained from P= 25 W and8 min heatingexperiment) The 6 X6 m.
location of sensor tip.
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Figure4.23 shows temperature profiles achieved at respective fiber optic sensing points in
comparison with the predicted temperatures from simulations at measured locations as well as

temperatures at locations with lowest RMSE during the first 30 s of siondat

P=25W,f=5.8GHz

Radial Distance S3 (2 mm) $6 (5 mm) S5 (7 mm)
70 38 55
_ Experiment Experiment
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Figure 4.23 Temperaturesround applicator shaft in the galfirst 30 s of heating for SAF
prediction. Temperaturesom simulations are plotted vs temperatuadsneasuredsensor
locations(2 mm, 5 mm and 7 myfrom the applicator shafind at optimized locations (withil
+ 1 mm of measured location) with lowest RMSE value.
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4.4 Discussion

In this study, thelesign of5.8 GHz wateicooled monopole MWA applicatesuitable for
ablation of 13 cm uterine fibroidsvas reported. The presented applicator designs were evaluated
in thermachromic tissuemimicking phantoms and ex vivo tissue.

Figure4.16, Figure4.17 andTable4.4 confirm that the experimental results of 1 cm, 2 cm
and 3 cm ablations in ex vivo tissue samples are id @goeement with theredicted results of
simulation. $1ce the thermal dose safety margins cannot be assessed in experiments (without
temperature sensors), validated computer simulations can be used to predict the thermal safety
margins as 10 CEMA43 has been plotted as an example of thermal safety coRtgurad.17.

Before designing the 5.8 GHz MWA appliog it was hypothesized that a spherical
ablation zone cahe achieved as compared to the previqieator designs at 2.45 Ghizhich
provided elliptical ablation zoneBigure4.18 shows the radial margin from ablated to +adlated
region using 5.8 GHz applicator to be-52nm for 1 cm and 3 cm target zones. To achieve
spherical ablation profiles while using 2.45 GHe appliedthe same applicator design consept
as presented in this dissertation for 2.45 GHz monopole applicatoa Fequired length of
monopole i.e2.5 mm for 1 cm fibroid ablatigrat best we could achieve |S1§=/2 dB. For an
efficient power trasfer from antenna to the target tissue |S1:1j0<dBis desirable Hence the
use of a 2.45 GHz applicator is-duited toachiewe ablation volumes with minimal damage to
surrounding tissues in small sized fibroids (i-€3m).

Figure 4.19 illustrates that the extent of ablation conto®b5 (°C) obtained in gel
experiments for applied power of 25 W is unaffected by the increase in the heatinghd&@tio
both 3 min and 8 min ablation, the extent of ablation remains constant (i.e. 1.3 cm). Since the same

applicator was used in thex vivotissue experiments which provided promising results for
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ablations in 13 cm target zones hence this observaittomost likely to the discrepancy between
physical properties of the gel phantoms and the properties used within simul&tbibes
temperaturalependent dielectric properties of the phantoms were measured and used within
simulations, thermal properties veeonly measured at room temperature. Further studies are
needed to evaluate the temperature dependent thermal properties of the phantoms.

To validate the simulation with the experiments, 55 °C ablation contours from experiments
were overlaid on the tempéuae maps obtained from simulationsHigure4.20. It can be seen
that the ablation contours in experiments are consistently smaller than the simulation predicted
contours in both experiments conducted on 3 min and 8 min with 25 W applied. pow

To validate the ability of simulation to predict SAR around the applicator shaft in the gel,
the temperature profiles in first 30 s from sensors as well as simulations were compagedein
4.23. There are two known sources of variability between experiments and simulations. 1) The
accuracy of fiber optic sensor tip location is withifhmm and 2) The temperature dependence of
t he gel 06 erttehizunkn@vh ang theotemperature dependereevavotissue thermal
conductivity was utilized in thgel models. Sensitivity analysis witl mm sensor position offsets
from the measured sensor location in experiments for sensbh&3imulatiortemperatures were
fitted to the experimental temperatusegh the sensitivity taneasuregensor locatios(2 mm, 5
mm and 7 mm from the applicator shadt)d rate of change of thermal conductivity, Hkvas
observed that the simulations with the higtdis i.e. 0.038 [W mt K] has a better match with
the experimental results asmpared to lower values of dk. The first 30 s of experiments were
fitted with the simulation temperatures, the temperature profiles observed in experiments are
consistently éwer than the simulations after 30 s suggesting thatetmperature dependence

functions ofthermal properties of the gel arensiderablydifferent from theex vivotissue.
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Figure4.24 confirmsa good agreement between measured maximum temperatures from
fiber optic sensorsS3, S5 and S@n microwave heating experimehiand corresponding color
thresholds (predicted by sigmoid functiooltained from watebath heating experimentby
aligning contour boundary location with the distance of the fiber optic sensor from applicator shaft.
The maximum measured temperature value at temperature sensor S3 (located at 2 mm radial
distance from the applicator shaftps 88.5°C. However it was observed ithe water batlgel
heating experiments that the gel color remains the same at temperaturé&s, *heésefore 75C
contour was plottednd the location of S3 lies well within the contour

Thermachromic tissue mimicking gel phantom experiments reveals some interesting
observationsbout the gels. Firstly, thehanges in gel colaare independent of the cumulative
thermal dose accumulated as a result of different heating durations-B6mib at temperatures
ranging from 50-75 °C as described in earlier studj&84]. However, the thermal therapies in
biological tissues are dependent on the cumulative thermal dose of heating (itentjpeeature
history) [204]. Secondly, it was concluded the temperature dependence of the thermal properties
of the gel phantom is not similar to the biological tissues. Further studies are needed to investigate
the thermal properties of éhgel phantom at elevated temperatures which may explain the

differences seen in the experimental and simulated results.
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4.4 Conclusion

5.8 GHz water cooled monopole MWA applicatdesigned for transcervical microwave
ablation of fibroids viahysteroscopy yields more than 90% ablation volumes inside the target
zones (13 cm) with minimal damage to the nterget tissueThermachromic tissue mimicking
gel phantomgan be used for the quantitatimesessmerof differentmicrowave applicatorse.
the shape of the SAR.dwever for the quantitative assessments the computer simulations should
match with the experimental resulkdorestudies are needed to characterize the thermal properties

of the gel phantorat elevated temperate
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Chapter5-Asses ®menevi ceapdstitseaoendi e
propeanmn ieksl ati offr anscé&imeir oavlave

Abl ation %f Fibroids

5.1 Introduction

Uterine leiomyoma (fibroids) are a common benign tumor which significantly decrease the
guality of a womanés | ife, and are RkIlhthenat ed
United States alone, it is estimated that 11 million women have fiq&i8$ Symptoms include
heavy menstrual bleeding, inased pelvic pressure, chronic pain, infertility, and miscarriages.
Fibroids are classified based on the anatomical location of the fibroid within the uterus wall
(myometrium), and range between Typds8al [15].

The type, size and location of fibroid inside the uterine cavity affects the treatment
modalities offered to the pati€di5] [16] [75]. Hysterectomy, surgical removal of the entire uterus,
is an established treatment for fibroids. However, this is a highly invasive prodedigsgciated
with long recovery times, and precludes ctbkharing. Uterine artery embolizatiga06] and
myomectomy[25] are minimallyinvasive treatments that offer the potent@mpreserve fertility.

In situthermal ablation techniques for the treatment of fibrdidsich as high intensity focused
ultrasound (HIFU)[207], radiofrequency ablation (RFAP8] [208] and microwave ablation
(MWA) [41], [48]T are desirable due to their low invasiveness and associated fast recovery rates.

Regardless of the modality of ablation utilized, the clinical goal is to maximize the volume of

2This chapter has begmublished as G.Zia, J.Sebek, J. Schenck, Rnd P r a kamsesetvical niicfowave
ablation in type 2 uterine fibroids via a PhyyBng.e
Expressyol. 7, no. 4, p. 045014, Jun. 2021, di.1088/20571976/abffe4.
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fibroid, which is heated to ablative temperatures (¥ 66°C[37]), while limiting thermal spread
to the surrounding uterine tissue. The volume of ablatedktisan be assessed pabtation (e.g.
on magnetic resonance imaging) with the -penfused volume (NPV]147], which has been
shown to be an indicator for symptom re[43].

Hysteroscopic myomectomy offers a safe and effective treatment for submucosal fibroids
(Type 0 and 1)209] where the fraction of the fibroid protruding into the uterine cavity exceeds
60%. However, hysteroscopic myomectomy becomes clgitigrfor the complete resection of
Type 2 ( O 50% i nt r 438{(34] 5] [36]. Muitjple praxedtirds cain cabse o i d s
perforations, collateral damage to healthy myometrium tig2gi99] or intrauterine adhesions
[210][31], which can adversely fakct the reproductive health of the patient. For the treatment of
small fibroids -6ueyicaormimmalyinvasieetpreaedures areoften preferred
[209]. While HIFU can be delivered noninvasively, it imposes requirements of additional imaging
to verify accurate localization of the ablative energy during the procedure, and additional hardware
and control algorithms for steng the focal point such that a sufficiently large ablation volume is
achieved, which can be time consuming and expensive.

RFA and MWA procedures are delivered with an applicator that is positioned within the
fibroid. RFA systems designed specificaly fablation of fibroids are in clinical use employing
laparoscopic[20] [75] and ultrasound guided (US)atrscervical approachd87] [40]. RFA
systems have been applied towards treating all types of fibroids except Type 0, for which
hysterscopic myomectomy is preferred. US guided percutaneous MWA usirtg @H2z4system
has also been reported in the clinical setfit@] [11]. While the volume of fibroids following
ablation was significantly smaller, no complications and reduced proeezlated pain compared

to other modalities were perted. The use of &anscervical microwave myolysis technique
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combined with endometrial ablation under ultrasound guidance has been described previously in
[49]i [52].

We are exploring the technical feasibility of minimally invasive transcervical microwave
ablation of fibroids under hysteroscopic guidafmetreating 33 cm Type 2 fibroids Thermal
sparing of the myometrium adjacent to the fibroid is of high priority in order to preserve the
womanos abi |l i tTygachieve thisega@al, wehdve dewklopeda.5.8 GHz MWA device
that can be delivered via the instrumehnannel of a hysteroscope (~3 mm) with a steep transition
from ablated tissue to thermally unaffected tissue, thereby restrictingbtative thermal
exposure to surrounding myometriurBue to the anatomy of the uteragcurately positioning
the applictor inside the fibroid when introduced via a transcervical approach may be challenging.
Ablative approaches are usually designed for a wide range of fibroid sizes however, little attention
has been placed on applicator insertion inaccuracies for smalbbr

The objective of this study is to analyze the sensitivity of the ablation outcome to applicator
position within the fibroid, as assessed by coverage (fraction of fibroid heated to ablative levels)
vs. safety (volume of nefibroid heated above a sathermal dose threshold) as showikigure
5.1. To achieve this objective, we developed computational models of microwave ablation of
uterine fibroidsand validated the modeling results with experimeneximivotissue.ln addition,
we evaluated the differences in the ablation outcomes based on the dissimilarities in the dielectric
properties of thex vivohuman uterine fibroid tissue and bovine maseghich is commonly used

as a surrogate tissue for fibroid ablation.
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Hysteroscope

Safety margin Ablative Dose
Limit heating of adjacent Maximize ablation efficiency:
myometrium to safe thermal % of fibroid volume heated to
doses (= 40 CEM43) ablative doses (> 240 CEM43)

Figure 5.1 Uterus anatomy and treatment objectives of proposed Transcervical microwave
ablation technology for Type 2 fibroids.

5.2 Methods

5.2.1 System Overview

The ablation system comprises of 1) a broadband microwave synthesizer (HP 83572A
synthesized sweeper?) a 5.8 GHz frequency solstate amplifier, 3) coaxial cables for
transmission of power from the amplifier to the apglic 4) a wideband radiofrequency power
meter (Bird Technologies 7022) for monitoring of forward and reflected power, 5) a custom
designed 5.8 GHz wat@ooled MWA applicator (discussed in Chapter 4) suit&mensertion
into fibroid via the working charel of a hysteroscope, and 6peristaltic pump (Masterflex L/S
economy drive model 70180) for circulating cooling water through the applicator.

The experimental evaluation was carried out in ex vivo bovine muscle similar to prior
studies evaluating ¢anologies developed for ablation of uterine fibrdits] [44]. Fresh ex vivo
bovine muscle was purchased from a local slaughterhouse and was carried to the lab in sealed
plastic bags surrounded with ice packs. To raise the tissue temperature to approximately 37 °C,

tissue samples were sectioned, placed within théhesl plastic bags which were then placed in a
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temperatureontrolled water bath. We considered the scenario where saline was continuously
circulated through the uterine cavity for providing an unobstructed field of [@éd,[212].

Briefly, the experimental setup consists of 1) a tissue holder template, 2) fiber optic temperature
sensors (Reflex 4 channel, Optilink) interfaced with MATLAB® (Natick, MA) to control the
heating duration and 3) a second water circulation circuit fomtaiaing the physiologic
conditions of uterugt4].

5.2.2 Computational modeling

We employed a muHlphysics computational model in COMSOL Multiphysics (v5.4,
COMSOL Inc., Burlington, MA) to simulate the electromagnetic field and temperature distribution
within and around the target area and predict the ablation perforji@adgl96].

5.2.2.1 Equations

The following governing equations were discretized with the finite element method (FEM).
The spatiadistribution of the electric field in tissue was estimated by solving theham@aonic
Helmholtz electromagnetic wave equation:

Q, . .
— A h (5.1)

whereE is electric field [V m!], T is the wavenumber in free spacefn is relative
permittivity, , is effective electric conductivity [S 1,7 is angular frequency [rad'sand- is
the permittivity of free space [F Hh The timeaveraged electromagnetic losses were

calculated using:
0 g,, ANE (5.2)

Finally, temperatures in the simulated space
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SN R I R (5.3)
where” ds the volumetric heat capacity [J%fC Y], T is the temperature [°C], k is the thermal
conductivity [W m* °C?], [ is the temperature dependent blood perfusion in fibroid and
surrounding myometrium an8l is the specific heat capacity of bloodY is the physiologic
temperature of the blood. The initial temperature in all tissue regions was set to 37 °C in the whole
simulation domain.
Ablation outcome was estimated using the Cumulative Equivalent Minutes at 43°C

(CEM43) thermal dosgs8]:
60bo Y Qoi ET (5.4)

where t is the time for which the tissue was kept at temperature T, R is a compensation
factor for 1AC change in temperature which eq
fraction of the fibroid volume where thermal dose defined by (5.4) exdea¢ié@ CEMA43, as
suggested for estimation of ablation boundary6@, is referred to as ablation coverage. The
extent of the tissue volume wieethermal dose exceeded 40 CEMA43, as sugges{éf]imas a
threshold between reversible and irreversible thermal effects to the muscle tissue, is monitored for
the safety of the myometrium.

5.2.2.2 Geometry

The geometry of the model is showrFigure5.2 (a), and includes three regions,

namely: fibroid, myometrium and uterine cavity. Moreover, geometric parameters describing

applicator position with respett fibroid central axis are defined igure5.2 (b).
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M.er)mret i
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Ablation Zone
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Safety Zone
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Figure 5.2 (a) Computational model geometry (b) Definition of geometry parameters for
sensitivity analysi s; I ndirection, ix @amd displagehent ingz, di s |
direction, z. The blue dots in the figure depict the points used for validatioangpérature in

models with the experiments.

5.2.2.3 Material assignment

For equations (5.1) and (5.2), tissue dielectric property values within each défiain
[63], [151],[202],[213]at t he appl i cat o r8dszaeswenmarizediegle f r e g u ¢
5.1 (for detils see Appendik). Due to the lack of dielectric property data on uterine fibroids in
the literature, we used the dielectric propertieerfvivobovine muscle in the fibroid regms.
Bovine muscle is often used as a surrogate for uterine fi@ddiéor preclinical evaluationsand
was also used in our experiments.

For equation (5.3), the thermal tissue propertiesmulation domaingl26], [151], [214],
[215] are given inTable5.1 (for details see supplementary materials). Please note that heat transfer
was not evaluated in uterine cavity since periodically flushed saline water is expected in that space
during hysterosapy. The thermal properties of the myometrium were approximated as being

constant across temperature. Since the ablation treatment investigated in the present study is
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terminated when the myometrium is exposed to a thermal dose greater than 40 CEM 43, peak
tissue temperatures in the myometrium will not exceed ~55 °C. Over the temperature range, 37 °C
T 60 °C, previous studig$26], [216]indicate minor changes in tissue thermal properties.

Table 51 Values of tissue properties used in simulations.
For each tissue property we have provided the value at physiologic &turpeand type of
temperature dependency function with respective references.

Domain Uterus *Fibroid Uterine Cavity
- 52.4 43.33 69.92
[-] (constant) (piecewise linear) (constant)
[151], [60] [202], [202] [213]
” 6.05 4.23 7.84
[S mY] (constant) (piecewise linear) (constant)
[151], [60] [202] [213]
" ® 4 4
[MJ m3°CY (constant) (piecewise constant) -
[151] [151], [126]
Q 0.53 0.5
[W mt°CY (constant) (piecewise linear) -
[151] [151], [126]
i 1.89 1.89 -
[kg M3 s7] (reduced to zero at 60  (reduced to zero at 60
°C) °C)
[214], [215] [214], [215]
A 3617 3617 -
[J kgt°CH [151] [151]

5.2.2.4Boundary conditions
The following boundary conditions were applied. Bmwnmerfeld radiation condition was
applied at all outer boundaries of simulated space using the following approximation:
i n A Qo AT nh (5.5)
where n is a unit vectoperpendicular to the specific boundafurthermore, outer

boundaries of the simulated space were subjected to a thermal insulation boundary condition:

117



oY m (5.6)

A convective heat flux boundary condition was applied on the boundary betweiae ute
cavity and uterine wall as well as fibroid to model saline water flushed during hysteroscopy
procedures:

n @Y “Yh (5.7)

where 11 is the modelled heat sink, h stands for heat flux coefficient of value
30 [W nm?2 °CY, and”Y stands for room temperature of the saline water which was 20 °C.
Another heat flux boundary condition was applied on the shaft of the applicator to mimic the
internal cooling of applicator. In this case, the heat flux coeffimuas 1000 [W rif °C ] and

external temperaturéy was 15 °C.

5.2.2.5Meshing

The overall size of the simulation space for 3 cm diameter fibroid simulations was 6 cm
45 cm 10 cm and for 1 cm diameter fibroid simulations simulation space was 3.5 cm x 3.6 cm
x 10 cm respectivelyWhile selecting appropriate meshes for the domains, the size of mesh
elements was gradually decreased in each domain and the changes of modé&®dgfited by
maximum temperature around the applicator and ablation size and shape) were monitored. The
largest mesh element sizes, which yielded insignificant model output deviations with respect to
model with the highest density mesh elements, weosearh to provide a reasonable balance
between spatial resolution and computational complexity.

The tetrahedral mesh density was kept highest at the input port (0.1 mm), spacing of mesh
elements was coarser around the antenna (0.25 mm), and the largasedistween two elements
was 1.8 mm in the fibroid and 2.7 mm in myometrium and uterine cavity. For 3 cm fibroid

simulations, the total number of mesh elements in the model was around 547,046, the maximum
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number of degrees of freedom was 3,672,192 anaMiieage time to complete one simulation was
approximately 1611 hrs. For 1 cm fibroid simulations, the total number of mesh elements in the
model was around 408376, the maximum number of degrees of freedom was around 2672436 and
the average time to compdeone simulation was approximately 8 hrs. Models were run on a
computer with an Intel(R) Core(TM)4&700 CPU raning at 3.2 GHz and 64 GB RAM.
5.2.3 Experimental assessment of model predictions

In the present study, computational models were appliadsess the impact of applicator
position within a uterine fibroid on thermal ablation profiles in the fibroid and the thermal dose
accrued in adjacent myometriuixperiments were conducted in ex vivo tissue to comparatively
assess model predictions of a@in zone extents and transient temperature at the filbroid
myometrium against experimental observatidéhgerimental results were compared with model
predictions fromex vivosimulations i.e. no perfusion was applidthe initial temperature of the
ex vivo tissue in simulations was 37 °C, and in experiments was approximately 3THeE.

experimental setup is similar to a previous stj#l)}, and is shown ifrigure5.3.

Template Box

Fibroid

Sensor Placement

Figure 5.3 Experimental setup for model validation.
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Briefly, the experimental setup consists of a plastic fixture template to hold the aisdu
fix the applicator and temperature sensors at specified positions within the tissue. To mimic a type
2 fibroid protruding into the uterine cavity, we first used a block of bovine muscle to represent the
uterine wall (myometrium). A 3 cm diameter dgwivas created in the wall, within which a ~3 cm
nearspherical piece of bovine muscle was inserted to represent a mock fibroid. The applicator was
inserted into the center of the mock fibroid and two fiber optic sensors were placed at different
locationsalong the boundary between the mock fibroid and myometrium. The template was
immersed in a bath of 0.9% isotonic saline to emulate the uterine cavity at physiologic temperature.
Ablations were performed in three different tissue samples with 30 W atatpplioput and 10
min treatment duration. Fiber optic temperature sensors were used to provideaeabnitoring
of the thermal dose within the mock myometrium and power was turned off whenever the
measured thermal dose at either point reached thg siafeshold of 40 CEMA43.

Measured transient temperature profiles were compared with the profiles from the
simulations using Root Mean Square Error (RMSE). Positions of the fiber optic sensors were
manually registered for comparison against simulated textyres at the corresponding locations
(shown inFigure5.2).

After ablations were completed, mock fibroids were extracted, cut along the applicator axis
and photos of the visibly discoloured tissue representing the ablation zone were taken. Ablation
extents were automatically segmented from photos with a custone ipragessing algorithm,
which is based on-kneans algorithm and subsequent significant area selection -fusisiag
purpose. The contours of the segmented ablation zones were overlaid on simulated temperature

maps. The extent of simulated and experimgntakasured thermal ablation zone contours were
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compared by evaluating differences in surface areas and calculating dice similarity coefficients
(DSC).
5.2.4 Scenarios for evaluation of sensitivitwith respect to position

To simplify treatmenplanning, it is desirable to place the applicator through the central
axis of the fibroid. Accurate placement of the ablation applicator into the center of the fibroid
under hysteroscopic guidance may be challenging due to limited field of view, mechanical
properties of the fibroid, and lack of imaging feedback regarding the applicator position once it
penetrates the fibroid capsule. Therefore, it is important to estimate how the ablation outcome may
change as a function of the displacement of applicadan the central axis inside the fibroid.

Table 5.2 Geometric parameters considered for sensitivity analysis.

Fibroid Diameter 3cm 1cm
Insertion angle 30, 45, 60 30, 45, 60
g [ U]
Displacement irX-direction % [mm] -2,0,2 -1,0,1
Displacement in Alirection z [mm] -2,0,2 -2,0

To evaluate the sensitivity of ablation outcome while satisfying safety constraints during
experiments and simulations, we assumed a set of geometrical relations between the applicator
and fibroid which are provided ihable5.2 for the case of 3 cm and 1 cm diameter fibroids with
in vivo settings (blood perfusion effects incorporated). The ablation coverage for input power 35
W and maximum treatment duratiof 10 min for 3 cm fibroid and 15 W with duration of 5 min
for 1 cm fibroid was evaluated while keeping safety constraint i.e. whenever thermal dose higher
than 40 CEM43 was detected in myometrium, the ablation was stopped. A total of 27 simulations
for the 3 cm fibroid case and 18 simulations for the 1 cm fibroid case were performed in such a

way that all geometry parameter combinations listedable 5.2 were covered. Sensitivity of
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ablation outcome was then studied by identifying the effect of one geometry parameter when all
others remained fixed. For certain geometry parameter combinations of interest, ablation coverage
was also assessed foaximum treatment time (600 s for 3 cm fibroids, 300 s for 1 cm fibroids).
The maximum attainable ablation coverage in fibroid as well as extent of potential collateral
damage in myometrium (thermal dose > 40 CEM43) was measured.ifhensensitivity angbis
was repeated for both 3 cm and 1 cm fibroids, for cases where 50% and 65% of the fibroid volume
was within the myometrium. Post processing of data acquired from COMSOL models and the
sensitivity analysis was implemented in MATLAB.
5.2.5Scenarios fo evaluation of sensitivity with respect to tissue dielectric properties

To quantify the differences in the ablation outcomes based on the dissimilarities in the
dielectric properties of the human uterine fibroid tissue and the surrogate tissue ugaditbr f
ablation (bovine muscle), the parametric models of fibroid dielectric properties (presented in
Chapter 3) were used in computer models. The ablation outcomes of the mean, upper and lower
envelope of the fibroid dielectric properties were comparék thie ablation outcomes of bovine
muscle model$or 1 cm and 3 cndiameterfibroids. The ablation outcomesere computedn

terms of temperature and thermal dose thresholds
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5.3 Results

5.3.1 Experimental assessment of model predictions

Figure5.4 shows the simulated and experimentally measured transient temperature profiles
at the periphery of the mock fibroid during ablation. The goattwhich the temperatures were
evaluated within the model were carefully registered with the actual placement of sensors in the
experiments. There were two fiber optic sensors in each experiment; in one experiment,®ne of th
sensors failed and th&sgure5.4 includes five rather than the anticipated six temperature profiles.

48 T T T T
Sample 1: RMSE 0.3 °C, offset 1.6 mm
Sample 2: RMSE 0.26 °C, offset 4.3 mm
Sample 3: RMSE 0.16 °C, offset 5 mm
46 - Sample 4: RMSE 0.13 °C, offset 0 mm
Sample 5: RMSE 0.1 °C, offset 2.6 mm
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Figure 5.4 Experimentally measured and simulated transient temperature profiles at the fibroid
myometrium boundary for 30 W ablation in a 3 cm fibroid. Also shown are the RMSE between
measured and simulated temperatures. Adjustmetgsnjoerature sensor position in simulation
S0 as to mimic experimental positions are also displayed.
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Figure5.5(a) illustrates contours of thablation zone extent observed experimentally as
well as those predicted by simulation. Also shown is the simulated 40 CEM43 contour.
Figure5.5(b) shows an example photo of discolored tissue representing the experimentally

observed ablation zone.

Figure 55 Comparison of ablations from experiments and simulation.
(a) Simulatedtemperaturenapafter 30 W, 10 min ablations(b) Photoof experimentakblation
zonein a3 cm mockfibroid.
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