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Abstract 

Uterine fibroids are the most common tumors of the uterus, with a ~70-80% lifetime prevalence 

in women of childbearing age. Uterus sparing procedures are of increasing interest for the 

treatment of fibroids to avoid surgical complications, preserve fertility, and reduce treatment costs. 

Image-guided microwave thermal ablation is under investigation as a minimally-invasive 

alternative to gold-standard hysterectomy, offering potential to provide symptom alleviation while 

preserving the patient’s fertility. This dissertation presents studies towards the technical feasibility 

assessment of hysteroscopic transcervical microwave ablation (MWA) technology for treating 

uterine fibroids with the objective of achieving localized thermal destruction of fibroids while 

precluding thermal damage to adjacent healthy tissues. 

 Computational models, a powerful tool for the design and evaluation of candidate ablation 

technologies, require accurate specification of tissue dielectric properties and how these properties 

vary as a function of temperature during an ablation procedure. The dielectric properties of uterine 

fibroids within the microwave frequency range have not been previously reported, thus stunting 

the development of accurate modeling tools. This study presents, for the first time, the dielectric 

properties within the microwave frequency range (500 MHz to 6 GHz) of human uterine fibroids 

excised following hysterectomy procedures, and their variation across temperatures ranging 

between 23–150 ºC. At room temperature (23 ºC), values of ɛr ranged between 44.5-57.5 units 

with a decreasing trend seen at higher frequencies and ơeff varied between 0.91-6.02 Sm-1 with an 

increasing trend at higher frequencies. At temperatures close to the water vaporization point, ɛr, 

drops considerably i.e. to 12-14% of its baseline values for all measured frequencies. The ơeff 

initially rises till 98 ºC and then falls to 11-13% of its baseline values at 125 ºC for frequencies ≤ 

2.45 GHz. The ơeff follows a decreasing trend for frequencies > 2.45 GHz and drops to ~ 6 % of 



  

its room temperature values. Furthermore, 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 1 – 3 cm type 2 uterine fibroids. Currently 2.45 GHz 

applicators are used for the MWA of fibroid tissues; these antennas typically have longer active 

lengths (~7-15 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 

water-cooled MWA applicator, suitable for insertion into targeted fibroids via the instrument 

channel of a hysteroscope, was designed for the treatment of small fibroids (1-3 cm diameter) 

using electromagnetic–bioheat 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 < radius of 1 cm fibroid), internal impedance matching (antenna return loss < -10 dB i.e. 

around 90% power transferred to antenna), a balun for achieving near spherical ablation profiles 

to align with the shape of the fibroids, and a rapid transition from ablated to non-ablated regions, 

in the range  ~2-5 mm for 1 – 3 cm fibroids, respectively. The fabricated applicator was tested in 

ex vivo animal tissue for the experimental 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 and electrical 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 heating studies 



  

in a temperature-controlled bath. During MWA experiments, spatial extents of color changes in 

phantoms were used to characterize thermal profiles.  

 Pre-clinical studies of ablation procedures presume central positioning of applicators 

within the targeted 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 within targeted uterine 

was assessed for the treatment of type 2 submucosal fibroids. Using experimentally validated finite 

element computer models, the sensitivity of ablation outcome was assessed with respect to 

applicator insertion angles (30°, 45°, 60°), depth and offset from the fibroid center (±1 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 ~ 34.9 - 83.6% (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 demonstrates 

that 1-3 cm fibroids can be safely ablated when applicator position is within 30-60º insertion angle 

and ±1-2 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. A 5.8 GHz 

antenna for the ablation of small (≤ 3 cm) type 2 uterine fibroids was also demonstrated. The 

methodology introduced in this dissertation can be extended to the design of site-specific MWA 

technologies for other indications. 
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Abstract 

Uterine fibroids are the most common tumors of the uterus, with a ~70-80% lifetime prevalence 

in women of childbearing age. Uterus sparing procedures are of increasing interest for the 

treatment of fibroids to avoid surgical complications, preserve fertility, and reduce treatment costs. 

Image-guided microwave thermal ablation is under investigation as a minimally-invasive 

alternative to gold-standard hysterectomy, offering potential to provide symptom alleviation while 

preserving the patient’s fertility. This dissertation presents studies towards the technical feasibility 

assessment of hysteroscopic transcervical microwave ablation (MWA) technology for treating 

uterine fibroids with the objective of achieving localized thermal destruction of fibroids while 

precluding thermal damage to adjacent healthy tissues. 

 Computational models, a powerful tool for the design and evaluation of candidate ablation 

technologies, require accurate specification of tissue dielectric properties and how these properties 

vary as a function of temperature during an ablation procedure. The dielectric properties of uterine 

fibroids within the microwave frequency range have not been previously reported, thus stunting 

the development of accurate modeling tools. This study presents, for the first time, the dielectric 

properties within the microwave frequency range (500 MHz to 6 GHz) of human uterine fibroids 

excised following hysterectomy procedures, and their variation across temperatures ranging 

between 23–150 ºC. At room temperature (23 ºC), values of ɛr ranged between 44.5-57.5 units 

with a decreasing trend seen at higher frequencies and ơeff varied between 0.91-6.02 Sm-1 with an 

increasing trend at higher frequencies. At temperatures close to the water vaporization point, ɛr, 

drops considerably i.e. to 12-14% of its baseline values for all measured frequencies. The ơeff 

initially rises till 98 ºC and then falls to 11-13% of its baseline values at 125 ºC for frequencies ≤ 

2.45 GHz. The ơeff follows a decreasing trend for frequencies > 2.45 GHz and drops to ~ 6 % of 



  

its room temperature values. Furthermore, 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 1 – 3 cm type 2 uterine fibroids. Currently 2.45 GHz 

applicators are used for the MWA of fibroid tissues; these antennas typically have longer active 

lengths (~7-15 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 

water-cooled MWA applicator, suitable for insertion into targeted fibroids via the instrument 

channel of a hysteroscope, was designed for the treatment of small fibroids (1-3 cm diameter) 

using electromagnetic–bioheat 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 < radius of 1 cm fibroid), internal impedance matching (antenna return loss < -10 dB i.e. 

around 90% power transferred to antenna), a balun for achieving near spherical ablation profiles 

to align with the shape of the fibroids, and a rapid transition from ablated to non-ablated regions, 

in the range  ~2-5 mm for 1 – 3 cm fibroids, respectively. The fabricated applicator was tested in 

ex vivo animal tissue for the experimental 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 and electrical 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 heating studies 



  

in a temperature-controlled bath. During MWA experiments, spatial extents of color changes in 

phantoms were used to characterize thermal profiles.  

 Pre-clinical studies of ablation procedures presume central positioning of applicators 

within the targeted 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 within targeted uterine 

was assessed for the treatment of type 2 submucosal fibroids. Using experimentally validated finite 

element computer models, the sensitivity of ablation outcome was assessed with respect to 

applicator insertion angles (30°, 45°, 60°), depth and offset from the fibroid center (±1 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 ~ 34.9 - 83.6% (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 demonstrates 

that 1-3 cm fibroids can be safely ablated when applicator position is within 30-60º insertion angle 

and ±1-2 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. A 

5.8 GHz antenna for the ablation of small (≤ 3 cm) type 2 uterine fibroids was also demonstrated. 

The methodology introduced in this dissertation can be extended to the design of site-specific 

MWA technologies for other indications. 
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Preface 

As a woman I can understand how difficult and painful it would be for the patients of 

uterine fibroids to survive with the symptoms of uterine fibroids. The occurrence of fibroids can 

impact a patient’s reproductive health and overall quality of life and in some cases, the fertility of 

the patient is compromised due to this disease. Minimally invasive technologies for the treatments 

for fibroids are needed to provide symptom relief to the patients while preserving their fertility and 

preventing the surgical contraindications. In this dissertation, I tried to identify the research gaps 

in developing minimally invasive needle based thermal ablation technologies for uterine fibroids 

and proposed solutions to a few research questions by introducing the concept of transcervical 

hysteroscopic microwave ablations for the treatment of fibroids. 
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Chapter 1 - Introduction 

Uterine fibroids are the most common gynecological benign tumors in females. The 

worldwide prevalence of uterine fibroids has been estimated to range between 4.5 - 68.6% based 

on the study design, method of diagnosis and population characteristics [1]. In the United States, 

the lifetime prevalence of uterine fibroids in women of childbearing age is ~70-80%  [2]–[8]. 

Fibroids have a significant adverse impact on the quality of a patient’s life, and can require 

hospitalizations and affect productivity [9][10]. 50-80% fibroids are asymptomatic [11] and 

frequently go undetected [5], until the patient develops symptoms like dysmenorrhea, abnormal 

uterine bleeding (AUB), increased pelvic/bowel pressure, weight gain, urinary incontinence, pain 

during intercourse, and in severe cases, can lead to complications during pregnancy/labor, 

miscarriages and infertility [11] [12]. Known risk factors for uterine fibroids include age, race, 

reproductive status, family history, diet and comorbidities (e.g. diabetes, hypertension) [1]. 

Fibroids are highly heterogeneous tissues in terms of their size, number, composition 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 organized smooth muscle cells, fibroid tissues are composed of disorganized 

smooth muscle cells separated by varying amounts of extracellular matrix (ECM) for example  

fibronectin, collagen and proteoglycans [13], [16].  There can be multiple fibroids in a uterus 

ranging from less than a centimeter up to ~34 cm [17][16]. The broader classification of uterine 

fibroids is based on the anatomical location of their growth which includes; sub-mucosal (inside 

or adjacent to the uterine cavity), sub-serosal (at the outer wall of the uterus), intramural (within 

the myometrium) and intra-cavitary (attached to endometrium by a thin stalk) [14]. As illustrated 
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in Figure 1.1, the International Federation of Gynecology and Obstetrics (FIGO) classifies fibroids 

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

 

Figure 1.1 FIGO sub-classification system for uterine leiomyoma.  

 

Hysterectomy, surgical removal of the uterus, is the gold standard treatment for alleviating 

symptoms in symptomatic fibroid patients [11]. Symptomatic fibroids (mostly submucosal 

fibroids) constitute ~30-40% of all hysterectomy cases in the United States [18]–[20]. Uterine 

artery embolization (UAE) [21] and myomectomy [22] are among the uterine-sparing treatments 

that may be considered for patients with symptomatic fibroids. UAE aims to occlude the uterine 

artery supplying a fibroid via trans-catheter embolization or laparoscopic occlusion. Myomectomy 

refers to surgical removal of a fibroid while trying to preserve the healthy tissues of the uterus; 

myomectomies may be performed via laparotomy (open surgery) [23], laparoscopy [24] or via 

hysteroscopy [25]. Conventional surgical treatments are invasive and require in-patient admission 

and general anesthesia, and are associated with a prolonged return to daily activities. The complete 
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resection of submucosal fibroids [25] may require multiple resections/procedures with a risk of 

perforating the non-target tissues [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 preservation in the case of small (≤ 3 cm diameter) 

submucosal fibroids may desire less invasive procedures like thermal ablation for the treatment of 

fibroids especially for type 2 fibroids ( ≥ 50% intramural component) [33] [34] [35] [36].  

Image-guided thermal ablation techniques provide a minimally-invasive alternative to 

gold-standard hysterectomy, with the potential for considerably less blood loss, shorter 

hospitalization, faster recovery rates and lower incidence of complications, adhesion formation 

and potential to preserve the patient’s fertility. Thermal ablation techniques that have been 

investigated for fibroid ablation include: high intensity focused ultrasound (HIFU), radiofrequency 

ablation (RFA), microwave ablation (MWA), laser thermal ablation (LTA)) where the target tissue 

temperature is raised to temperatures >55°C [37][38]. Moreover, cryoablations have also been 

used for treatment of fibroids; cryoablation procedures treat fibroids by lowering the tissue 

temperature to -20 °C [39] [38]. During thermal ablation, cytotoxic temperatures are induced in 

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. Unlike the treatment of malignant 

tumors, the goal of fibroid ablation is symptom alleviation for which 100% ablation of the fibroid 

tissue may not be needed [40] [41]. There is considerably more emphasis on thermal sparing of 

normal uterus tissue to avoid further complications [31]. The extent of thermal ablation in fibroids 

is typically assessed with contrast-enhanced imaging, with the ablation zone appearing as a non-

perfused volume  [42]. Hence, the objective of fibroid ablation treatment is to maximize the non-
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perfused volume of fibroid for symptom relief [43] by inducing cytotoxic temperatures (>55-60°C 

[37]) in the fibroid tissue, while strictly minimizing the collateral damage to the surrounding 

healthy tissues of uterus [44], [45] and the organs around uterus [46] (e.g. bowel, bladder and 

rectum) by ideally maintaining sub-ablative temperatures in the adjacent non target tissues.  

 Microwave ablation (MWA) is under investigation as a minimally invasive thermal 

ablative approach for treatment of uterine fibroids. MWA is already in clinical use for treatment 

of tumors in the liver, lung and kidney [47]. MWA offers the potential of producing consistently 

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 percutaneous [10] 

[11] and transcervical [49]–[52][44], [45] approaches for the treatment of fibroids.  

The shape of the ablation zone while using a water-cooled 2.45 GHz monopolar microwave 

applicator is elliptical, as depicted in Figure 1.2. This poses a technical challenge since the shape 

of fibroids is mostly spherical. For maximum ablation coverage inside the fibroid tissue, the shape 

of the ablation profile of the applicator should align well with the shape of the target tissue. There 

exists a tradeoff between ablation volume coverage inside the fibroid and the safety of the adjacent 

non-target tissues. Hence, there is a need of designing site specific ablation applicators whose 

ablation profile is well aligned with the shape of the fibroid tissue. 
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Figure 1.2 Ablation profiles of a 2.45 GHz applicator with 40 W applied power. (a) 3D 

illustration of applicator insertion inside the tissue and contours for ablation and safety with 

background temperature map, (b) Longitudinal section of the ablation profile, and (c) Axial 

section of ablation profile.   
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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 tracks). Thermal sparing of 

adjacent tissues to the fibroid is of high priority in order to preserve the woman’s ability to bear 

children. Transcervical microwave myolysis technique has been used in combination with 

microwave endometrial ablation and ultrasound guidance in previous studies [54], [55], [56], [57]. 

The protection of endometrium, functional layer of the uterus where the embryo implants 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 

 

Figure 1.3 Transcervical hysteroscope microwave 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 insertion inside the fibroid (d) Terminal portion of hysteroscope with 

channels with different channels for optics, fluids and working channel for applicator insertion. 

 

 

 

 

https://commons.wikimedia.org/wiki/File:Hysteroscopy.png
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possible since it provides flexibility to the uterus to expand/contract during pregnancy/childbirth 

[16]. Technologies for hysteroscopy-guided ablation of fibroids via a transcervical approach are 

attractive for submucosal fibroids because of their reduced invasiveness compared to other 

approaches [53] as illustrated in Figure 1.3. Figure 1.3 (a) was reproduced from [58]. 

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

tools and methods to drive the technical feasibility assessment of transcervical MWA.  
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1.2 Research Topics and Contributions 

In this regards, this dissertation addresses the following research topics.  

 1.2.1 Dielectric property measurements of uterine fibroids 

 Dielectric properties determine how time-varying electromagnetic fields interact with a 

material. The temperature-dependent dielectric properties (relative permittivity and effective 

electrical conductivity) of fibroid tissue are essential for accurate computational 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 considerably across frequency and dynamically with 

temperature during heating [59]–[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 use of ex vivo animal tissues at their device development 

stages [44], [65], which may not be representative of uterine fibroids. Thus, the lack of data and 

suitable parametric models for describing the broadband temperature-dependent dielectric 

properties of uterine fibroids is a significant gap in the literature. 

Contributions:  

 We measured the broadband dielectric properties of ex vivo human uterine fibroids over 

the microwave frequency range of 0.5-6 GHz and temperatures ranging between 23-150 ºC. 

Fibroid tissue was obtained from a tissue bank, with samples shipped to the laboratory shortly after 

surgical excision. These measurements and associated parametric fits will enable modeling of 

microwave devices for fibroid ablation and imaging [66] across a range of frequencies. This is one 

of the few reports of temperature dependent dielectric property measurements of human tissue. 

The methodology employed in this study can be adapted for measurements of other tissues excised 
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from human surgeries. Furthermore, the dielectric properties measured for uterine fibroids were 

compared with the dielectric properties of ex vivo bovine muscle, a commonly used surrogate 

tissue [44], [65] for technologies developed to treat uterine fibroids. 

 This contribution is discussed in detail in Chapter 3 and in the following publication and 

presentation: 

• G. Zia, J. Sebek, and P. Prakash, “Temperature-dependent dielectric properties of human 

uterine fibroids over microwave frequencies,” Biomed. Phys. Eng. Express (under review). 

• G. Zia, J. Sebek, and P. Prakash, “Broadband dielectric measurements of ex vivo uterine fibroid 

tissues over the ablative temperature range,” 14th European Conference on Antennas and 

Propagation (EUCAP 2020), Copenhagen, Denmark; Mar 15-20, 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 collimated to the 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 hysteroscopic ablation 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 is ~ 7-15 mm, which is considerably 

larger than radius of 1 cm fibroid, and would thus require insertion of the applicator past the target 

tissue. Secondly, the gradual fall-off of radial temperature profile from ablation zone to the 

surrounding tissue introduces a tradeoff between volume of fibroid ablated and damage to non-

targeted tissue. Thirdly, the shape of the ablation pattern should match the shape of the fibroid 
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(mostly spherical) for maximizing the volume coverage of ablation inside fibroid while 

minimizing the damage to surrounding tissues. 

 To address 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 pattern for 1-3 cm fibroids and a 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 technologies 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 opportunity for shorter antenna lengths and the 

temperature roll-off 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 investigated 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 inside 1-3 cm target tissue. The 5.8 GHz applicator 

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 require 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 balun, 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 applicators, we developed computational and 

experimental platforms using ex vivo animal tissues and tissue mimicking phantoms. The 

characterization of MW applicators using biological tissues is limited by the tissue heterogeneity 

and variability. Thermo-chromic tissue 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 quantified. The 

parametric models developed for the dielectric properties of fibroids in the course of this 

dissertation were used to design and characterize polyacrylamide based tissue phantoms. Apart 

from the dielectric measurements, the thermal properties of the phantom were also recorded using 

a dual needle sensor. A framework was designed to modify and tune the phantom properties to 

mimic those of uterine fibroid tissue. Thermochromic phantoms with a gradual change in color 

from light yellow to dark magenta for a temperature range of 50 ºC - 75 ºC were used to 

characterize the spatial extent of heating profiles. The experimental results in ex vivo animal tissues 

and tissue mimicking phantoms were compared against corresponding simulations using 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 site-specific thermal treatments.  

 This contribution is discussed in detail in Chapter 4 and is published in the following 

article. 

• [44] G. Zia, J. Sebek, E. Alvarez, and P. Prakash, “Assessment of thermal damage to 

myometrium during microwave ablation of uterine fibroids,” 42nd Annual International 
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Conference of the IEEE Engineering in Medicine Biology Society (EMBC), Jul. 2020, pp. 

5263–5266. 

 1.2.3 Assessment of device positioning and tissue dielectric properties on fibroid 

ablation outcome 

 Hysteroscopy approach places constraints on the geometric parameters 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 with regards to accurate central placement of the applicator for 

maximum ablation. Ablative approaches are typically designed for an extensive range of fibroid 

sizes however, less attention has been placed on applicator insertion inaccuracies which may 

impact outcomes following ablation procedures. In order to assess the effects of device positioning 

on the ablation outcome, experimentally validated computer models are needed for the 

transcervical hysteroscopic ablation of fibroids. 

 Ex vivo bovine muscle is often used as a surrogate tissue for fibroids during the 

development stages of ablation devices [44], [65]. Due to the limited data available on physical 

properties of uterine fibroids, it is unclear if bovine muscle is a suitable representative surrogate. 

Hence, it would be informative to compare the ablation profiles of candidate devices in bovine 

muscle and 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 evaluated with respect to applicator 

insertion angles (30°, 45°, 60°), depth and offset from the fibroid center (±2 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, 

respectively. The study demonstrates the technical 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 

contribution will help clinicians identify the range of insertion angle and applicator tip positions 

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

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

be used for other site-specific 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. 

• [45] G. Zia, J. Sebek, J. Schenck, and P. Prakash, “Transcervical microwave ablation in type 

2 uterine fibroids via a hysteroscopic approach: analysis of ablation profiles,” Biomed. Phys. 

Eng. Express, vol. 7, no. 4, p. 045014. 

 The effect of tissue dielectric properties on the fibroid ablation outcomes was also 

evaluated. The dielectric properties measured for human uterine fibroids in Chapter 3 were used 

in the validated computational models and the ablation outcomes were compared with the 

surrogate tissue (ex vivo bovine muscle) models. Since human uterine fibroids are not easily 

accessible, this contribution will help identify the extent of accuracy in using this surrogate tissue 

during device development.  
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Chapter 2 - Background 

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 the physics behind the tissue-energy 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 solutions 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 lasers, radiofrequency current, and microwave energy, respectively. Figure 2.1 

represents the position of lasers, radio frequency currents and microwaves in the electromagnetic 

spectrum. Lasers are the most energetic waves out of the 3 electromagnetic waves under 

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

 

Figure 2.1 Electromagnetic spectrum representing the wavelengths of lasers, microwaves and 

radio waves.  
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(700 nm) regions. RFA depends on Joule heating when passing alternating currents typically in 

the frequency range of ~ 100 kHz - 1 MHz. Microwaves are high energy radio waves in the 

frequency range of 300 MHz to 300 GHz (i.e. wavelengths = 1 mm - 1 m).  

Regardless of the modality used for thermal therapy, the generation of supraphysiological 

temperatures (>40 °C) inside biological tissues induces changes in the tissue medium at cellular, 

molecular and structural levels [67].The physiological effects of tissue heating changes with the 

change in the tissue temperature [47]. Reversible changes like enhancement in metabolic activities 

of the cells, blood perfusion and oxygenation happen from 40-45°C. Around 50-55 °C), protein 

denaturation happens. Above 55 °C, coagulative necrosis happens till 100 °C. As biological tissues 

contain high percentages of water, vaporization occurs from 100-110 °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 maximize non-perfused 

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 time-temperature history) inside the target tissue affects the perfusion, electrical, mechanical 

and thermal characteristics of the target tissue and is responsible for the changes in tissue [67]. 

Ablation outcomes are often estimated using cumulative equivalent minutes at 43 °C (CEM43) 

thermal dose [68] which is defined as follows  

 𝐶𝐸𝑀43 = ∫ 𝑅(43−𝑇) 𝑑𝑡
𝑡

0

 [min] (2.1) 

where t = time for which tissue was kept at temperature T, R = compensation factor per °C change 

in temperature i.e. for T > 43 ℃, R = 0.5  and for T ≤ 43 ℃, R = 0.25. The fibroid ablation volume 

is indicated by 55-60 ºC temperature contour or in terms of 240 CEM43 [69] 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 CEM43 thermal dose which defines the threshold between reversible 

and irreversible thermal effects to the tissue [70] [45]. 

 The heat transfer happening inside the fibroid tissue due to any electromagnetic heat source 

can be mathematically approximated by Pennes’ bioheat equation which is given by equation 2.2.  

                                𝜌𝑐
𝜕𝑇

𝜕𝑡
= ∇ ∙ 𝑘∇𝑇 + 𝑄𝑠 − 𝑚𝑏𝑙𝑐𝑏𝑙(𝑇 − 𝑇𝑏𝑙) (2.2) 

where 𝜌𝑐 = volumetric heat capacity [J m-3 °C-1], T = temperature [°C], k = thermal conductivity 

[W m-1 °C-1], 𝑄𝑠= electromagnetic heat source,  mbl = temperature dependent blood perfusion in 

tissue, cbl = specific heat capacity of blood.  𝑇𝑏𝑙 = physiologic temperature of the blood (37 °C) 

and t = time (s). 

 For each ablation technology, the heat source term, ‘𝑄𝑠’, is different which will be 

explained for each technology in the following sections.  
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2.2.2 Device guidance approaches 

There are currently three types of device guidance mechanism in use for the needle based thermal 

ablation of fibroids i.e. laparoscopic, percutaneous and transcervical/transvaginal approach which 

are discussed in detail in the following section.  

 2.2.2.1 Laparoscopic approach 

  As an alternative to hysterectomy or myomectomy [71], laparoscopic ablation can be 

employed for the treatment of fibroids [72] [73] especially those located at challenging sites inside 

the uterus. Unlike an open surgery, where different body layers are cut to expose the site of the 

procedure for tissue extraction, in laparoscopic ablation 2-3 small abdominal incisions are made 

to provide visual assistance to the surgeon for the placement of ablation device at the desired 

location inside the fibroid. Following are the main components of the laparoscopic ablation system 

(shown in Figure 2.2). 

 
 

Figure 2.2 Schematic illustration of laparoscopic ablation of fibroids. 
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 A laparoscope (5 or 10 mm, zero degree [72]) is used for direct visualization of the 

treatment location. A laparoscope is a narrow tube fitted with a 3D video camera which is inserted 

through a 5 or 10 mm umbilical trocar depending upon the surgeon’s standard practice [74] to 

visualize the treatment site. The system also includes a standard laparoscopic tower consisting of 

camera box, light source, printer and a surgical insufflator.  A surgical insufflator fills CO2 gas in 

the abdominal cavity allowing better access to the patient’s anatomy and surgical tools. 

 In a clinical setting for fibroid ablation [75], [76],  a laparoscopic ultrasound (Aloka SSD-

4000 ultrasound) system is employed with a standard Aloka LUS transducer (UST-5526L-7.5; 

Hitachi Aloka Medical, Wallingford, CT, USA), which is a rigid, side firing laparoscopic 

ultrasound transducer with a diameter ≤ 10 mm, and flexible tip for improved scanning and is 

placed over the uterus via a 10 or 12 mm suprapubic trocar [71],[75][78][79], [80]. The proximity 

of the transducer to the fibroid allows use of high frequencies (5.0 MHz, 7.5 MHz, and 10.0 MHz) 

with increased resolution [77], [80]–[83] and permits direct imaging from multiple directions and 

angles; 1) to map the inside of the uterus, 2) identify the target fibroids for needle device insertion 

and 3) gauge the depth of insertion of ablation applicator inside the fibroid and 4) ablation 

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

fibroid tissue reaches ablative temperatures (> 60 ºC) due to microbubble generation [41] .  

 An example needle ablation device inserted percutaneously (through the skin) under 

laparoscope guidance, is shown in Figure 2.3. Usually, needle diameters for percutaneous insertion 

are ~ 2 mm [84]. 
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Figure 2.3 Laparoscopic image of needle applicator after radiofrequency ablation. Image is 

reproduced from Galen et al., JSLS, 2014 [20] (open access article with creative common license 

https://creativecommons.org/licenses/by-nc-nd/3.0/us/. Annotations were added over 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 al., [76] 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 al., [85] reported patient discharge on the day of surgery 

with mean outpatient hospitalization time ~ 7 ± 3 hours. The safety of the procedure is highly 

dependent on the skills of the surgeon performing the laparoscopic surgery with the ablation device 

[72]. Nonetheless, compared to the open surgery, laparoscopic ablation of fibroids offers the 

benefits of shorter procedure, reduced blood loss, lower re-intervention rates, and lower elective 

caesarian rates following the procedure. 

  

https://creativecommons.org/licenses/by-nc-nd/3.0/us/
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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 fibroids with less incisions as compared to 

laparoscopic approach and for the fibroids which are in-accessible or challenging to approach with 

a vaginal approach [86]. To assist percutaneous puncture, the bowel is displaced away from the 

puncture site in the abdominal wall [87].  

 The system comprises of the following components which are shown in the block diagram 

in Figure 2.4. A percutaneous needle applicator with a diameter typically ≤ 2 mm is normally used 

to ablate the fibroid [88] and a  real time imaging; ultrasonography for RFA [89] and MWA [90]  

or magnetic resonance imaging (MRI) for laser ablation [87] is employed to help guide and insert 

the needle applicator inside the fibroid and to monitor the ablation [88].  

   

 

Figure 2.4 Schematic illustration of percutaneous ablation of fibroids  
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 Transabdominal ultrasound probe frequency normally used for fibroid imaging lies 

between 2.5–4.5 MHz [90]. During real-time ultrasound imaging, the ablation is monitored for 

hyper echogenic changes in the fibroid as an end point of ablation. Hyper-echoes on the ultrasound 

images indicate the propagation of heat which resulted in ablative temperatures (> 60 ºC) across 

the fibroid [41] as illustrated in Figure 2.5.  

  

Figure 2.5 Percutaneous ablation of fibroid (a) MWA applicator placed into the fibroid under 

ultrasound guidance and (b) MWA of fibroid as seen on real-time ultrasound images. Images are 

reproduced from Ierardi et al., Seminars in Ultrasound, CT and MRI, 2021 [46] (with the 

permission of the journal. Annotations were added over the image).  

 

 In a study [87] conducted for percutaneous laser ablation of fibroids using real-time 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 (non-magnetic) needles were placed inside the fibroid using an infrared LED based 

flashpoint-tracking device (Image Guided Technologies, Boulder, CO). Once the needle was 

confirmed to be at the right spot, inner trocar was removed and the bare laser fiber was inserted 

through the outer sheath. The thermal ablation was monitored using real-time image processing 
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software. The software produces real time maps of thermal ablation using T1-weighted MR 

imaging signals as illustrated in Figure 2.6. The images were updated every 3.0 seconds. 

 

 

Figure 2.6 Real time monitoring of ablation in percutaneous MR-guided laser ablation. Laser 

fibers are inserted via MR-compatible needles. Image is reproduced from Law et al., JMRI,2000 

[87] (with the permission of the journal. Annotations were added over the image). 

 

 The percutaneous procedure is normally performed in a hospital setting under local 

anesthesia (injected to numb the insertion site)  [91] or intravenous sedation  [92] (to alleviate pain 

and anxiety and reduce patient movement during the treatment). In a study conducted for 

percutaneous microwave ablation, Zhao et al., [93] reported a median treatment time of ~ 46 min 

and only one night of hospitalization  
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 2.2.2.3 Transcervical approach 

 Transcervical ablation approach is considered the least invasive method for intra-uterine 

treatment of fibroids in which a needle based energy applicator is inserted into the fibroid through 

the cervical canal. The cervical canal is a natural body passage from vagina to uterus, hence 

transcervical ablation is incisionless with negligible risk of intrauterine adhesions [29] [40]. The 

penetration of needle inside the fibroid, real time image guidance and scalable volumetric ablations 

makes it possible for transcervical ablation to treat the fibroids which are unapproachable or 

untreatable via hysteroscopic myomectomy [94] [95].  

 The main components of a transcervical ablation system are 1) needle applicator for fibroid 

ablation and 2) imaging system as illustrated in Figure 2.7.  

 

 

 

Figure 2.7 Schematic illustration of transcervical ablation of fibroids 



24 

 Intrauterine ultrasound probe is used to provide real time image guidance for needle 

insertion and monitoring of ablation. Intrauterine ultrasound image provides high resolution 

images of the uterus and nearby structures (e.g. bowel, bladder). The ultrasound probe image is 

curvilinear, with s 90° field of view and transmit frequency of 4.8-9 MHz which provides more 

than 9 cm penetration. Intrauterine ultrasound eliminates the challenges faced in conventional 

transvaginal sonography as the imaging plane is always directed at a 90° sector to the probe, hence 

there is only a single imaging plane rather than the sagittal and coronal planes [40]. 

 A hypotonic fluid e.g. sterile water or 1.5 % glycine may be  infused into the uterine cavity  

in small amounts (10-15 mL) through the device for better visualization of uterus walls on 

ultrasound images [95] [96]. It is to be noted that there are no reported contraindications of uterus 

injury with the use of such small volumes of distending fluid for acoustic coupling. The external 

orifice of the cervix which is a centric opening from vagina is normally closed [97]. To insert the 

device transcervically into the uterus, the cervical dilation may be needed. Depending upon the 

diameter of the device the cervix may be dilated ~ 8-9 mm either mechanically, osmotically or 

pharmacologically [95] [98] [99]. The overall diameter and the length of the device is kept within 

the limits of cervical dilation. Real time ultrasound images with thermal safety borders overlaid 

on the images (with graphical guidance tools) help the clinician in device insertion and ablation 

monitoring [95] as illustrated in 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 cervix with IUUS 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 ultrasound image, and (d) Needle electrode deployment to achieve desired ablation sizes 

according to the predicted ablation contours from the software. Image is reproduced from Toub et 

al., Curr Obstet Gynecol Rep, 2017 [40] (open access article with Creative Commons Attribution 

4.0 International License; http://creativecommons.org/licenses/by/4.0/)  

 

 The transcervical ablation does not require hospitalization [40] except when it is a clinical 

necessity based on patient’s condition [98]. A general inhalation anesthesia, local anesthesia or 

conscious sedation may be utilized by the clinician in consultation with the anesthesiologist based 

on the patient specific procedural requirements [95]. Toub et al. [40] reported that patients return 

to normal activities in ~ 4 ± 3 days post procedure in a multicenter study conducted for 

transcervical radiofrequency ablation of fibroids [95], [100].  

http://creativecommons.org/licenses/by/4.0/
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2.2.3 Laser ablation of fibroids 

 Laser ablation was the first ablative procedure used for the treatment of fibroids in early 

1990s [41], [42]. Laser ablation devices rely on the absorption of laser light in target tissue [103]. 

The absorption of light in the chromophores (light absorbing components of the tissue i.e. water, 

hemoglobin and melanin) can generate heat in the tissue [104]. These photo-thermal effects can 

cause cellular death through coagulative necrosis in the tissue [105] hence forming the basis of 

laser ablation. The laser source settings (power, energy, and treatment duration), laser light 

wavelength (near infrared range of the electromagnetic spectrum), applicator’s emission 

characteristics (beam profile, spot size and pulse duration [103]) and tissue’s physical (optical and 

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 type [108]. The penetration depth is inversely proportional to the wavelength of laser [109]. 

Optical penetration of lasers is observed to be more in the tumor cells as compared to healthy 

tissues typically ~800 nm or ~1064 nm [110].  The proximity of the target tissue from the blood 

vessels can reduce the ablation size due to blood perfusion effects [111].  

 The diffusion co-efficient of light, ‘D’ (mm), inside the tissue [112] can be defined by 

equation 2.3. 

 D =
1

3(µa+µs
′ ) 

 = 
µa

µeff
2  

 (2.3) 

where µ𝑎= absorption co-efficient (mm-1) and 

µ𝑠
′ = reduced scattering co-efficient in target tissue (mm-1) which is given by equation 2.4. 

 µ𝑠
′ = µ𝑠(1 − 𝑔) (2.4) 

where g is the anisotropy factor accounting for directionally dependent scattering effects. The 

effective attenuation co-efficient, ‘µ𝑒𝑓𝑓’ (mm-1), can be described by equation 2.5. 
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                                                   µ𝑒𝑓𝑓 = √3µ𝑎(µ𝑎 + µ𝑠
′ )                                         (2.5) 

The heat distribution inside the fibroid tissue as a result of deposition of laser energy is explained 

by the Pennes bioheat equation (equation 1) where the laser heat source, ‘Qlaser’ (W mm-3), is a 

function of time and light fluence rate which is given by the equation 2.6.  

                                                     Qs = Qlaser = µaΦ                                           (2.6) 

Where ‘Φ’ = light fluence rate (W mm-2) which is a function of radial distance from the 

source ‘𝑟’ (mm). 

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 nm [115]  wavelength)   and 2) Diode Lasers (with 

805 nm [116] and 810 nm [87], [117] [118], [119]  wavelength), since optimal penetration of light 

is achieved in the near-infra red spectrum for tissue ablation [120]. Nd:YAG lasers for fibroid 

ablation employ ~50-80 W laser power for ~10-50 min based on the guidance technique, size and 

number of fibroids [101] [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 

costly and more portable [107]. 

 The laser light is delivered using laser fiber which is inserted perpendicular to fibroid and 

placed within the central region of the fibroid via needles. Flexible bare tip fiber with 300-600 nm 

diameters are introduced into the tissue via 21 G needles [120] and produce near-spherical 

ablations of 12-15 mm diameter. Multiple coagulations are made on entire surface of myoma with 

~5-7 mm spacing between each coagulation [101] [102] . For a 5 cm fibroid, on an average 50-75 

coagulations were performed [113] [114]. Multiple fibers (up to 4 fibers) provides the flexibility 

of treating tumor sizes >2.5 cm [120] [111] and also targeting multiple small tumors in a single 
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operation. Beam splitters or multi-source devices have been used with multiple fibers for 

delivering light to each fiber simultaneously [109] [111] for fibroid treatment.  

 2.2.3.1 Laparoscopic LTA 

 Laparoscopic laser ablation has been performed with Nd:YAG (1064 nm) laser source and 

bare tip laser fiber (Sharplan 2100 apparatus, Tel-Aviv, Israel) and 80 W applied power with 

operating time ranging from 20-45 min for the treatment of large intramural fibroids (3-8 cm 

diameter) or multiple fibroids. Laser fiber was inserted perpendicular to fibroid and placed at the 

central part of the fibroid via needles. Multiple coagulations were made on the entire surface of 

myoma with ~5-7 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 was recommended 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 coagulation [102]. 

 Another group [113] [114] employed the same laparoscopic system as used in the previous 

study but performed the ablations with gonadotropin-releasing hormone agonist (GnRH-a) therapy 

8 weeks before ablation procedure for pre-operative shrinkage of myoma for the treatment of 

fibroids with pain, pressure and abnormal bleeding symptoms (fibroid size ≤ 10 cm). On an 

average 10 punctures per cm of fibroid were made i.e. for a 5 cm fibroid, 50-75 coagulations were 

performed with 50-70 W applied power. The operating time for an 8 cm fibroid was ~ 30 min. In 

this study, 50-70% 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 week. The study 

recommended laser ablation for patients in menopausal ages who wanted to avoid abdominal 

myomectomy or hysterectomy. 
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 2.2.3.2 Percutaneous LTA 

 Percutaneous laser ablation has been performed with Nd:YAG (1068 nm) and bare tip laser 

fibers placed into the fibroid under MRI guidance via MR compatible 18 G turner needles (Cook, 

Letchworth, Hertfordshire, UK) for the treatment of symptomatic fibroids (with mean volume 618 

cm3). Laser settings were controlled based on the temperature feedback which was employed for 

the safety of the surrounding tissues.12 month post ablation imaging data revealed 41% fibroid 

volume shrinkage with symptom relief and a few patients reported fibroid regrowth [115]. 

 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 cm3) employing 5 W/ laser fiber and total power output = 25 W/min with mean 

ablation time = 15 min (range  10–25 min). MR compatible 18 G turner needles (Cook, 

Letchworth, Hertfordshire, UK) were inserted into the center of the fibroid in a square 

configuration. Fibers 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 post ablation with symptom relief. 

 Another group [118], [119] employed diode laser source (810 nm with fiber splitter and 

multiple fibers) for the treatment of large fibroids with 600 µm or 1000 µm 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 

ablation of fibroids, 75% volume shrinkage was achieved after 3 months.  

. 
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 2.2.3.3 Transcervical LTA 

 Transcervical hysteroscopic laser ablation has been performed with Nd:YAG (1064 nm) 

laser source and bare tip laser fiber (Sharplan 2100 apparatus, Tel-Aviv, Israel) and 80 W applied 

power, operating time ranging from 10-50 min for the treatment of large submucosal fibroids (1.6 

± 1.0 cm3  to 15.4 ± 7.6 cm3) [101] and with GnRH-a pretreatment. For type 1 fibroids, laser fiber 

was inserted perpendicular to fibroid and placed at the centrally inside the fibroid while for type 2 

fibroids, laser fiber is perpendicularly inserted 5-10 mm inside the intramural portion 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 ~5-7 mm spacing in each coagulation. Less postoperative blood loss and 

adhesion formation was reported with GnRH-a therapy. A 38% mean fibroid volume reduction 

was reported (independent of GnRH-a therapy effects) with symptom relief and no regrowth of 

fibroid. For patients with infertility issues due to fibroids, 67% patients who attempted for 

pregnancy conceived within 8 months post treatment [101]. 
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 2.2.4 Radiofrequency ablation of fibroids 

 Radiofrequency ablation (RFA) is the most established technology for the treatment of 

fibroids out of the three technologies under consideration [121], [122] and provides a volume 

reduction of fibroid (~70 %) at 6 months [123] . RFA needle applicators can create ~ 5 cm spherical 

ablative zones within the uterine fibroids with an affordable cost and mean treatment time of 20 

min [86], hence superseding the 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 current of ~450–500 kHz causes the ions (Na+, K+, Cl-) inside the tissue 

medium to oscillate rapidly resulting in resistive tissue heating around the active electrode [124]. 

Necrosis and coagulation happens as soon as the temperature in the tissue reaches the ~55-60 ºC. 

In monopolar RFA, an RF current is applied through the active electrode (usually multiple 

adjustable needle arrays based on the size of fibroid) placed in the target tissue whereas the ground 

pad acting as a return electrode for the current is placed on the patient’s skin (at back or thighs). 

In bipolar RFA, the RF current flows between two electrodes placed inside the tumor [114]. RF 

systems are typically monopolar and employ temperature or impedance feedback control [72]. 

 The thermal energy generated by the applicator and deposited locally to tissue medium is 

described in terms of specific absorption rate, ‘SAR’, which is measured in [W kg-1] and is given 

by equation 2.7. 

                                                        SAR =
𝐉𝟐

ơ 𝜌
                                                            (2.7) 

Where ‘ơ ’ is the electrical conductivity of the tissue, ‘𝜌’ is the tissue mass density and ‘J’ is the 

electric current density which is a function of electric field strength, ‘E’ [V m-1], and electrical 

conductivity of the tissue, ‘ơ ’  [S m-1] and is given by equation 2.8. 
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                                                         𝐉 = ơ 𝐄                                                             (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 electrode [125]. The heat distribution inside the fibroid during RFA is explained by 

the Pennes bioheat equation (equation 1) where the RF heat source, ‘Qrf’ (W mm-3), is given by 

the equation 2.9.  

                                                      Qs = Qrf = ơ 𝐄𝟐                                                          (2.9) 

 Hence, the main factors governing the volume of ablation during RFA, apart from the heat 

losses due to blood perfusion [124], are the tissue temperature, electric field strength around the 

active electrode and tissue’s physical properties (electrical [124] and thermal [126]).  

 2.2.4.1 Laparoscopic RFA 

 Initial bipolar diathermy systems for the fibroid coagulation utilized 1.5 cm needles for 

small fibroid ablations [114]. Later, a new bipolar RFA system was developed using heavy gauge 

steel needles (Reznik Instrument Company, Skokie, IL and J.E.M. Davis, Hicksville,NY) as 

electrodes which were supplied a continuous power of 70-120 W from RF generator to ablate 

fibroids [114], [127]. A 5 cm needle electrode in a 30 cm instrument or a 45 cm needle electrode 

were used in these systems which could be passed through the operative laparoscope or 5 mm 

suprapubic trocar. The needles allowed penetration at 90º angle to the uterus. ~3-5 mm coagulation 

around the electrode was achieved. On an average, 30-50 passes of needles were used in each 

fibroid.  Up to 7 cm fibroid could be treated with these systems within ~20-30 min with minimal 

risk of postoperative adhesions [114], [127].  

 The first monopolar RFA system was reported in [128].  In majority of the commercial and 

clinical RFA systems, the RF needle is inserted percutaneously (2 mm skin incision) using 
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ultrasound guidance with simultaneous laparoscopic visual assistance [72], therefore the terms: 

“Percutaneous-Laparoscopic” or “Laparoscopic-Ultrasound guided” are often used 

interchangeably in literature for laparoscopic RFA approaches [46]. 

 The most widely used laparoscopic ablation technology for fibroids  AcessaTM system (Halt 

Medical, Inc., Brentwood, CA) [20], [74] which has been approved by US Food & Drug 

Administration (FDA) for inpatient/outpatient treatment of fibroids [73], [129]. The system 

(illustrated in Figure 2.9) consists of a dual-function monopolar RF generator and a disposable RF 

applicator hand-piece consisting of 3.4-mm diameter primary needle with multiple deployable 

active electrodes (7 electrodes needle array) and two dispersive ground electrodes [20] to provide 

a return path to the current. The primary needle is inserted into the fibroid through a puncture in 

uterine serosa under simultaneous laparoscopic and ultrasound guidance to confirm the device tip 

position inside fibroid. The active electrodes are deployed inside the fibroid with electrode tips 

having thermocouple for continuous monitoring of temperature. Appropriate deployment of 

electrode array results in maximum volumes of ablation achieved inside the fibroid.  Small 1.5 cm 

diameter fibroids do not need electrode array deployment for ablation.  For 2- 3.5 cm spherical 

fibroids the primary needle of the RFA is centrally placed inside the fibroid. For fibroids ≥ 4 cm 

in diameter, the main aim is to ablate the periphery of the fibroid as compared to the center hence 

multiple eccentric ablations are performed [72]. 
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 The applicator delivers a low-voltage, high-frequency (450–500 kHz) [72] alternating 

current into the fibroid with a maximum output power of 200 W [20]. The current density is 

concentrated in the pelvic region with the currents typically ranging ~ 1- 2.5 A [20] and hence do 

not impact the cardiac activity of the patient. The tissue temperature is maintained at 100 ºC for 

the ablation duration which is calculated using the treatment algorithm and depends upon the 

fibroid volume [20].  

 

 The mean volume reduction achieved as a result of fibroid ablation in this system is ~ 45% 

[77], [123]. Although there are no uterine incisions and suturing of myometrium, however a 3.4 

mm puncture is made in the myometrium for needle placement inside the fibroid and coagulation 

of needle tract inside the myometrium is performed during withdrawal of the probe by applying 

intermittent low power (8-15 W) coagulation to the primary needle tip [20].  

  

 

Figure 2.9 Laparoscopic radiofrequency ablation system for fibroid treatment. Image 

reproduced from [20]. 
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 2.2.4.2 Percutaneous RFA 

 In a study [86] conducted for percutaneous RFA, the fibroid was punctured under 

abdominal ultrasound guidance. Before ablation, the same puncture was used to perform a biopsy 

(for tissue pathology) with 18 G BioPince® needle (Angiotech, Vancouver, British Columbia, 

Canada) inserted through the RF primary needle. A 35-40 mm long umbrella-shaped needle 

electrode system (LeVeenCoAccess, RF3000 system, Boston, USA) was used to perform multiple 

RFA depending on the size of the fibroid. The extent of necrosis was confirmed through an 

immediate postoperative contrast enhanced ultrasound imaging. To prevent bleeding, ablation tract 

was coagulated with 10 W power at the end of the procedure. More than 50 % fibroid volume 

reduction with symptom relief was observed at 6 month post ablation using this procedure [86].  

 2.2.4.3 Transcervical RFA 

 The FDA approved transcervical RFA, The SONATA® system (Gynesonics, Redwood 

City, CA)  consists of an intrauterine ultrasound (IUUS) probe and a RFA hand-piece (introducer 

and needle electrode array) whose combined diameter is 8.3 mm (compatible with 27 French 

cervical dilation) [40].A single ablation with SONATA system can treat fibroids with a diameter 

of 1-5 cm (i.e. up to a volume of 42 cm3). For larger fibroids (> 5 cm), multiple ablations are 

employed [4]. Maximum ablation sizes of 4 cm width and 5 cm length can be created. Depending 

on the chosen ablation size, the RF energy with applied powers ≤150 W is delivered for 2–7 min 

after the tissue temperature reaches 105 ºC [40]. Figure 2.8 explains the procedure of transcervical 

radiofrequency ablation of fibroids as described in [40].  

 The studies [4], [40], [100] reported a volume reduction of ~67-68% in fibroids is achieved 

at 12 months post treatment. With symptom relief and low re-intervention rates (0-3.7% [4]), 

patients return to normal activities within a median of  4 days (mean 4.4 ± 3.1 days) [40]. 
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Moreover, there are no reported complications (related to pregnancy and childbirth) after the 

treatment [130]. The clinical studies conducted for RFA ablation for fibroids have been thoroughly 

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

 

 2.2.5 Microwave ablation of fibroids 

 Microwave ablation (MWA) is the most recent technology for the thermal ablation of 

fibroids. MWA offers several benefits 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 grounding pads [131]. 

MWA ablation can produce temperatures as high as 170 ºC within 5 min of tissue heating [37]. 

The basic components of MWA are similar to RFA systems 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 to create 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 cable. 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].  

 The MWA works on the principle of dielectric hysteresis. When the MWA applicator is 

placed inside the fibroid 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 polarity billions of times/second 

produces frictional heating and subsequently ablative temperatures in the tissue medium which 

results in tissue coagulation [131], [134]. 
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 The thermal and dielectric properties of the target tissue significantly impact the thermal 

ablation profile during MWA ablation [134]. The dielectric properties are known to be functions 

of frequency, temperature, composition of tissues and other biological factors [134] [59], [135] 

[63]. The transmission of microwaves is governed by the complex permittivity of the tissue, ‘ɛ*’ 

which is given by equation 2.10. 

 ɛ∗ =  ɛ𝑟 − 𝑗 ɛ" (2.10) 

The relative permittivity, ‘ɛr’ of the tissue, is responsible for the energy propagation inside the 

tissue. The effective conductivity, ‘ơeff'’, derived from the imaginary part ‘ɛ"’ in equation 2.10, is 

responsible for microwave energy absorption inside the material, and defined in equation 2.11.  

 ơeff =  ωɛoɛ" (2.11) 

where 𝜔 = 2π f  , f = frequency and ɛo = 8.85 x 10-12 F m-1 . 

The heat distribution inside the fibroid during MWA is explained by the Pennes bioheat equation 

(equation 1) where the MWA heat source, ‘Qmw’ (W mm-3), is given by the equation 2.12.  

 Qs = Qmw = ơeff𝐄
𝟐 (2.12) 

                                         

where ‘E’ [V m-1] is the electric field strength. 

 2.2.5.1 Percutaneous MWA 

 Percutaneous approach is the most widely used microwave ablation treatment 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 

guidance [41]. Majority of the studies conducted for percutaneous MWA [41], [53], [93], [136]–

[138] employed KV2000 or KV2100 MWA tumor treatment device (Kangyou Medical 

instruments Nanjing, China) in continuous or pulsed mode emission with powers ~ 50-100 W for 
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the treatment of ~3-8 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 element and 

1 mm long emission aperture with internal water cooling to lower the temperature of the applicator 

shaft. Another study [91] used 28 mm applicator radiating length and to prevent thermal damage 

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 between ~3-10 min depending upon 

the size of the fibroid [41], [91], [136]. Single MWA applicator was used for treating <5 cm 

fibroids where as two applicators were used for > 5 cm fibroids [41], [93], [137]. The maximum 

myoma reduction rate achieved in percutaneous MWA was ~ 90 - 93% at 12 months [41], [53].  

 

 2.2.5.2 Transcervical MWA 

 Transcervical MWA has been used for the treatment of fibroids in combination with the 

microwave endometrial ablation [54] at 2.45 GHz using microwave generator; Microtaze AZM 

550, Alfresa-Pharma, Osaka, 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 surface of myoma. 

Single submucosal fibroids of 4–7 cm size (5.5 ± 2.1 cm) were treated in 35 patients with an 

applied power of 40 W at multiple ablation sites for 150–1300 s and overall surgery time ~ 30-40 

min. The volume reduction at 6 months post operation was ~74 % [57]. 

 Recent  ex vivo tissue studies suggest the feasibility of transcervical MWA for fibroid 

treatment via hysteroscopy with ablation systems at 2.45 GHz [44] and 5.8 GHz [45]. The system 

comprised of a microwave generator (GMS200WS, Sairem [44]  or HP 83572A synthesized 

sweeper [45]), Solid state power amplifier [45],  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 7015-20) for applicator cooling and water-cooled omnidirectional monopole 

MWA applicator with an outer diameter = 2.15 mm (conforming to the size of hysteroscope’s 

working channel (~3 mm)).  The 5.8 GHz applicator was custom-designed to produce focal 

ablations for smaller fibroids (~ 1-3 cm) and the use of balun restricted 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 fibroid center (±2 mm for 3 cm fibroid and ±1 mm for 1 cm fibroid), the ablation 

volumes in 3 cm fibroid ranged ~35-84% when heated with 35 W for 140-400 s and in 1 cm fibroid 

ranged ~34-68% when heated with 15W for 30-50 s and zero damage to the surrounding tissues 

(≤ 40 CEM43). A maximum ablation volume of ~90 % can be achieved if thermal dose > 40 

CEM43 is acceptable in the myometrium [45]. 
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 2.3 Discussion 

Before selecting the guidance 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 imaging modalities that may be suitable for 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 an easier approach to fibroids as compared to other 

minimally invasive techniques for fibroid ablation. The level of surgical intervention has been 

significantly reduced in the laparoscopic ablation as compared to the traditional laparoscopic 

hysterectomy or laparoscopic myomectomy. Laparoscopic guidance is more invasive than the 

other guidance techniques used for ablation. General anesthesia is required with multiple incisions 

in the abdomen i.e. one incision for a 5-mm laparoscope, another 10–12-mm incision for the 

laparoscopic ultrasound transducer, and 3-4 more incisions (2 mm) for the percutaneous placement 

of the needle electrode. This guidance approach is prone to adhesions, infections in the peritoneal 

cavity and damage to the surrounding organs of uterus. In percutaneous approach, the number of 

incisions has been reduced as compared to laparoscopic approach by incorporating high resolution 

transabdominal imaging. 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 local anesthetics reaching systemic circulation [53].However, even 

in the percutaneous approach there are risks of abdominal perforations and bowel puncture which 

are managed by adjusting nearby organs to bring the anterior wall of fibroid closer to the abdominal 

wall to ensure accurate needle position for puncturing inside the fibroid. [53], [140]. The 
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incisionless transcervical approach for fibroid ablation reduces the chances of many potential 

complications of other approaches. In transcervical approach, since the fibroid is not approached 

through the peritoneal cavity, there are no chances of intraperitoneal adhesiogenesis. Moreover, 

there are minimal chances of uterine rupture since there is no penetration into uterine serosa [95].  

 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 laparoscopic as 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 cavity. The 

transcervical approach is the least invasive guidance approach since the body’s natural cavity 

(cervical canal) is used for the introduction of applicator into the uterine cavity. However, since 

the transcervical applicator is introduced into the uterus from endometrial cavity there are more 

chances of damaging the endometrium as compared to other approaches. The transcervical ablation 

may be a viable option for the treatment of submucosal 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 insertion [46] since microwave ablations are faster and the peak temperatures 

achieved in microwave ablation are higher (up to 170 ºC [134]) than the radiofrequency and laser 

ablations which are prone to tissue charring. Moreover, microwaves have better performance near 

blood vessels, are less 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 to other ablation technologies. Moreover, microwave antennas have more intricate 

designs as compared to radiofrequency electrodes. Radiofrequency ablation is the most established 

and advanced technology for the treatment of fibroids because it is simpler and cheaper than the 

laser ablation. The laser applicators used so far for fibroid ablation provided smaller ablation zones 

in a single insertion [113] [114] as compared to other 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 used for fibroids.  
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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 cannot be one to one comparison of different technologies or guidance 

approaches on the basis of clinical outcomes reported in the studies. The choice of guidance 

approach depends upon the size, location, number of fibroids and patient condition. Every 

guidance approach 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 ablations [107], [120] could be employed for fibroid 

ablations. Microwave ablation of fibroids shows promising results [46], [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 other needle based ablation technologies. 
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Chapter 3 - Dielectric Properties of Ex vivo Human Uterine 

Fibroids1 

 3.1 Introduction 

 Uterine fibroids are the most common benign muscular tumors of the uterus with a lifetime 

prevalence of ~70-80% in pre-menopausal women [5], [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 causes miscarriages and infertility in 

severe cases [11] [12]. Around 30% of the patients experience symptomatic fibroids [7] which are 

the leading indication for hysterectomy. Fibroids are classified based on their location within the 

uterus, and can range in size from a few millimeters to several centimeters [16], [142], [143]. 

Thermal ablations of fibroids using non-ionizing electromagnetic energy have the potential to 

provide a minimally invasive therapeutic option for patients desiring uterus preservation. Thermal 

ablation modalities such as lasers [113], [144], [145], and more recently, high intensity focused 

ultrasound (HIFU) [146] and radiofrequency ablation (RFA) [122] (via laparoscopy [20] [75] and 

transcervical approaches [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 kidney [47], and offers the potential for ablation of large tissue 

volumes in relatively short duration. There has been a growing research interest in using MWA 

via percutaneous [10] [11] and transcervical [49]–[52][44], [45] approaches for the treatment of 

fibroids. 

 

1 This chapter has been accepted for journal publication as G.Zia, J.Sebek, P. Prakash, “Temperature-dependent 

dielectric properties of human uterine fibroids over microwave frequencies”, Biomedical Physics & Engineering 

Express, Sep 2021, doi: https://iopscience.iop.org/article/10.1088/2057-1976/ac27c2. 
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 During MWA, an applicator is positioned within or adjacent to the target 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 damage [45], ultimately resulting in shrinkage of the fibroid providing 

symptom relief to the patients [43], [147] . Tissue temperatures during microwave ablation 

typically exceed 100 ºC, and have been reported up to ~170 ºC [37], with temperature in regions 

at the periphery of the ablation zone typically in the range ~50-60 ºC. 

 Tissue dielectric properties have a significant impact on the thermal ablation profile during 

MWA. The complex permittivity, ɛ*, of the biological tissue determines the transmission of 

microwaves inside the tissue medium and is given by equation 3.1. 

                                                                  ɛ∗ =  ɛ𝑟 − 𝑗 ɛ"                                                (3.1)   

 The real part of ɛ* called the relative permittivity, ɛr, determines the propagation of energy 

through the tissue based on the wavelength of the applied electric field at a specific frequency. The 

effective conductivity, ơeff, is calculated from the imaginary part of dielectric permittivity, ɛ",using 

equation 3.2. ơeff determines the absorption of microwave energy inside the material. Tissues with 

high water content have high ơeff values and hence exhibit higher absorption of microwaves with 

respect to tissues containing low water content and lower ơeff values 

                                                                     ơ𝑒𝑓𝑓 =  𝜔ɛ𝑜ɛ"                                            (3.2)                      

where angular frequency, 𝜔 = 2π f , f = frequency 

and permittivity of free space, ɛo = 8.85 x 10-12 F m-1 . 

 Furthermore, the dielectric properties of tissue are known to be functions of frequency, 

temperature, composition of tissues and other biological factors [134] [59], [135] [63]. Tissue 

temperatures during microwave ablation typically exceed 100 ºC, and have been reported up to 
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~170 ºC [37], with temperature in regions at the periphery of the ablation zone typically in the 

range ~50-60 ºC. Fibroid tissues are well known for their heterogeneous tissue structure and 

composition with different proportions of extra-cellular matrix (i.e. collagen, proteoglycans and 

fibronectin) [5], [13], [148], [149]. Moreover, the variation in fibroid tissues properties also comes 

from degenerations (e.g. hyaline, cystic, myxoid or red degeneration [150]) occurring inside the 

fibroid tissues. For the effective design 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 human and 

animal tissue at various frequencies and temperatures [59]–[61]. Public databases [151] collating 

the measured dielectric properties of various tissue types are highly informative 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 vivo has previously been at physiologic temperature [152]. However, there are limited published 

data for dielectric properties of 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 technologies [44], [65]; temperature dependent dielectric properties of bovine muscle 

tissue have been reported [40]. 

 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 



47 

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 (0.5- 6 GHz) dielectric properties of ex vivo uterine fibroids excised during 

hysterectomies in human patients over the ablative temperature range (i.e. 23 ºC – 150 ºC) and 2) 

present coefficients for parametric models characterizing the temperature and frequency dependent 

dielectric properties of fibroids 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 receiving standard 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 multiple 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 placed in an insulating container with 

ice packs. The tissues kept 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 dielectric property 

measurements. All measurements were conducted within 24-36 h post excision. 

For fibroids with maximum dimensions < 2 cm, a single dielectric property measurement 

was performed on each sample; for fibroids with a maximum dimension exceeding 2 cm, we took 

multiple measurements by first sectioning the fibroids into samples approximately ~1.5-2 cm in 

diameter. 
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 3.2.2 Measurement of dielectric properties 

 The dielectric measurements were performed in a certified BSL-2 lab environment inside 

a fume hood using the open ended coaxial probe method [154], [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 network analyser (VNA). The sensing resolution of the dielectric 

probe is within a 5 mm radius around the probe tip [135].  We compared the dielectric properties 

of standard liquids (methanol and ethanol) in our measurement setup with the theoretical values 

presented in [156]. At 20 ºC, the maximum error in real and imaginary parts of complex 

permittivity for methanol was < 7% and for ethanol was < 10%, respectively. These error levels 

lie well within the range of the errors recorded in similar studies; for a frequency range of 0.5-20 

GHz, the maximum error for methanol ≤ 8 % and for ethanol ~ 12% [157] [158], [159].  

 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 range of 0.5 GHz 

to 6 GHz and temperatures from 23 ºC to 150 ºC. This temperature range was chosen such that it 

covers the ablative range of temperatures commonly observed in target tissues [160]. Temperature 

of tissue in contact with the dielectric probe was measured using a Qualitrol OptiLinkTM fiber optic 

temperature sensor. The overall measurement setup is depicted in Figure 3.1(a). The temperature 

sensor was placed 2 mm away from the dielectric probe tip to preclude interference with 

electromagnetic field of the probe [63] as shown in Figure 3.1(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 dielectric probe. 
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 The fibroid sample was taken out from the RPMI gauze and placed in a custom-designed 

sample holder shown in Figure 3.1(c). The sample holder was constructed from copper sheets with 

the objective of minimizing thermal gradients across the sample, similar to prior studies [63], 

[135]. First, the dielectric properties were recorded at room temperature (23 ºC). Then, to capture 

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

 

 

Figure 3.1 a) Experimental setup for dielectric measurements of ex-vivo human fibroid. 

Tissue sample is placed on the hot plate inside the fume hood and measured with dielectric 

probe connected to VNA. Tissue temperature is monitored by fiber optic sensor and data 

collection hub. Both VNA and data hub are connected to laptop b) A method for fixation of 

temperature sensor 2 mm above the tip of open ended coaxial probe. c) Custom-designed 

copper template for holding and heating the tissue at elevated temperatures. 
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hot plate [63]. The initial temperature of hot plate was set at ~150-200 ºC 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 temperature reached approximately 94 ºC, the hot plate surface 

temperature was raised to a maximum temperature level of 540 ºC. The change in hot plate settings 

was done in order to raise the tissue temperature above 100 ºC overcoming the latent heat of 

vaporization of water. The dielectric properties were recorded every 12-15 s. 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 probe and the temperature 

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 technologies [44], [161]. We also conducted dielectric 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 points 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 the range and distribution 

of observed data values as functions of temperature. The data 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 in [63], [135]. A piecewise linear function was utilized to approximate the linear trends 

of the dielectric data along the temperature 𝑇 in three distinct mutually continuous temperature 
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intervals:  1) interval of moderate linear dielectric dependencies at low temperatures from 23 °C to 

the temperature 𝑇1 (~ 100 °C) , 2) interval of temperatures around water vaporization point from 𝑇1 

to 𝑇2 (above 100 °C) where dielectric properties are expected to significantly drop and 3) Interval 

above water vaporization point from 𝑇2 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 functional form of the fitting equations 

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 the parametric 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 the changes in dielectric properties based on the time-

temperature history of fibroid tissue samples during heating using the thermal isoeffective dose 

formulation. As described in [135], dielectric properties were evaluated as a function of the 

logarithm of thermal dose (cumulative equivalent minutes at 43 C, CEM43).  
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 3.3 Results 

 Table 3.1 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 for samples 5 and 6, two measurements were 

recorded per fibroid sample. Images of sample fibroids are shown in Figure 3.2. 

  

Table 3.1 Tissue samples description. 

 

Sample Patient age 

(Yrs.) 

Fibroid size 

(cm x cm x cm) 

Fibroid weight 

(g) 

Number of 

Measurements 

1 42 1.7 x 1.1 x 0.9 1.59 1 

2 51 2.0 x 2.0 x 1.5 4.60 1 

3 46 5.5 x 4.0 x 4.5 78.01 5 

4 51 2.0 x 1.5 x 1.0 1.38 1 

5 49 3.5 x 3.0 x 0.9 4.38 2 

6 49 2.7 x 2.0 x 0.8 2.47 2 

 

 

 

Figure 3.2 Pictures of uterine fibroid samples; a) sample 1, b) sample 3 and c) a section taken 

from sample 3. The solid bars in each panel provides a scale of 1 cm length.  
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  Figure 3.3 displays the distribution of broadband dielectric properties at room temperature 

i.e. 23 ºC over the frequency range of 500 MHz to 6 GHz for all fibroid samples. The standard 

deviation, mean, upper and lower envelopes are shown in Figure 3.3(a) for relative permittivity, 

ɛr, and Figure 3.3(b) for effective conductivity, ơeff, for all measured fibroid samples. To study the 

difference between inter-sample and intra-sample variability at room temperature, we also plotted 

the distribution measurements taken on sample 3 (with m = 5 measurements) against the overall 

distribution of all fibroid samples (with total 12 measurements). 

 

 

Figure 3.3 Non-parametrized distribution of broadband dielectric properties at room 

temperature (23 ºC) over a frequency range of 500 MHz to 6 GHz.  a) Relative permittivity, 

ɛr,  and b) effective conductivity, ơeff , of excised human uterine fibroids. Inter-sample and 

intra-sample variability is illustrated using red and blue curves, respectively. The red curve 

represents data from all fibroid samples (n = 6, m = 12) and the blue curve represents data 

from a single fibroid with 5 measurements. Solid lines depict the 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. 
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  Figure 3.4 compares the non-parametrized distribution of the measured broadband 

dielectric properties of excised human uterine fibroids (from 23 ºC to 150 ºC) and ex vivo bovine 

muscle samples (from 31 ºC to 150 ºC) as a function of temperature at frequencies of 915 MHz, 

2.45 GHz and 5.8 GHz, which are frequencies under consideration for fibroid thermal ablation 

technologies. 

 

Figure 3.4 Comparison of non-parametrized distribution of broadband dielectric properties of 

ex vivo human uterine fibroids (over the temperature range 23 ºC – 150 ºC) and bovine muscle 

(over the temperature range 31 ºC – 150 ºC) at 915 MHz, 2.45 GHz and 5.8 GHz. Panels a, c 

and e show the relative permittivity, ɛr, and panels b, d and f show the effective conductivity, 

ơeff 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). Solid lines show the 

mean envelope values and dotted lines show the upper and lower envelope values for the 

dielectric measurements. Error bars show the standard deviation of data taken from all samples. 
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 Table 3.2 lists the coefficients for the parametric model computed by using linear least 

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

ɛr and effective conductivity, ơeff. 

 
Table 3.2. Fitting parameters for dielectric properties of fibroids. The fitting co-efficient, 

𝑏01, 𝑏02, 𝑏03, 𝑏11, 𝑏12, 𝑏13, 𝑏21, 𝑏22, 𝑏23, are defined for the relative permittivity, ɛr and effective 

conductivity, ơeff for the three envelopes (mean, upper and lower) separately. In addition, 

corresponding transition temperatures 𝑇1 and 𝑇2 are also presented. 

 

  

 

Parameters Mean 

Envelope 

Upper 

Envelope 

Lower 

Envelope 

 For ɛr For ơeff  For ɛr For ơeff  For ɛr For ơeff  

b01 0.119 0.082 0.093 0.099 0.234 0.083 

b02 -2.454 0.291 -1.988 0.248 -3.576 0.221 

b03 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 

b12 -4.638 0.253 -4.168 0.289 -4.440 0.078 

b13 50.377 1.748 51.889 2.728 42.525 1.280 

b21 0.082 -0.004 0.298 8.8 x 10-4 0.010 -5.4 x 10-4 

b22 -0.878 0.059 -3.094 0.127 -0.066 -2.3 x 10-5 

b23 8.279 0.103 23.689 0.038 2.361 0.038 

𝑻𝟏 (ºC) 95 98 115 114 96 100 

𝑻𝟐 (ºC) 121 125 123 124 106 105 
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 Figure 3.5 shows the parametrized 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 ºC to 

150 ºC. The mean, upper, and lower envelopes of the measured data are shown in dotted lines with 

their corresponding parametric fits in solid lines. 

  

 

 

Figure 3.5 Parametrized distribution of broadband dielectric properties at 915 MHz, 2.45 GHz 

and 5.8 GHz over the temperature range 23 ºC – 150 ºC. Panels a, c and e show the relative 

permittivity, ɛr, and panels b, d and f show the effective conductivity, ơeff of excised human 

uterine fibroids. Solid lines provide parametrized linear piecewise functions for the 

corresponding non-parametrized data illustrated by the dotted lines of the same color.  
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 Figure 3.6 displays the raw dielectric data measurements from six fibroid samples (shown 

as a scatter plot, with one color assigned to each sample) overlaid on the parametric linear 

piecewise functions for mean, upper and lower envelopes.  

 

Figure 3.6 Illustration 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 ºC – 150 ºC. Panels a, c and e show the relative permittivity, 

ɛr, and panels b, d and f show the effective conductivity, ơeff 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 samples illustrated by the colored 

scatter plots. 
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 Figure 3.7 illustrates the absolute error between measured dielectric 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.  

 Figure 3.8 illustrates the parametrized distribution of dielectric properties of fibroid tissue 

as a function of the logarithm of thermal dose (CEM43). The fitted piecewise functions of relative 

 

 

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 and f) envelopes across all measured 

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

parametrized data. The corresponding fitting coefficients are provided in Appendix B. 

  

 

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 dose (CEM43). Panels a, c and e show the relative 

permittivity, ɛr, and panels b, d and f show the effective conductivity, ơeff of excised human uterine 

fibroids. Solid lines provide parametrized linear piecewise functions for the corresponding non-

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

 The present study 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 characterize the 

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 estimate 1) the spatial electric field distribution due to 

the MWA radiation, 2) power absorption and 3) transient temperature profiles within tissue [162]. 

Moreover, the dielectric properties reported in the present study can guide the design of tissue 

mimicking phantoms for the MWA of uterine fibroids [66]. 

 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 in Figure 3.3. The distribution of multiple fibroids shows a 

decreasing trend for ɛr values with average values starting from 57.5 at 500 MHz and dropping to 

77.4% (of its baseline value) at 6 GHz with a decrease rate of  ~2.4 units/GHz as shown in Figure 

3.3(a). On the other hand, an increasing trend is seen in ơeff   with average values starting from   0.92 

S/m at 500 MHz and rising to a value of 6.02 S/m at 6 GHz with an increase rate of 0.93 S/m/GHz 

as illustrated in Figure 3.3(b). Similar trends and variability was observed for the distribution of 

sample 3 for both ɛr and ơeff with slightly lower average values (~1-2 units lower than the average 

values for all fibroid samples) for ɛr , with a decrease rate of ~2.5 units/GHz in the measured range 

(Figure 3.3 (a)) whereas the average ơeff values were almost similar (Figure 3.3 (b)). Hence, from 

our experimental observations we saw no significant difference in the variability of broadband 

dielectric values within the same fibroid sample and between different fibroid samples at 23 ºC.  
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 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 

ºC for bovine muscle tissue are ~4 units lower than the fibroid values and the effective conductivity 

values are ~0.18-0.5 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 lower than the fibroid properties. The maximum difference 

in relative permittivity values can be observed around 92 ºC i.e. ~ 10-12 units. For effective 

conductivity values, the maximum deviation of ~0.8-1.1 S/m can be seen around 98 ºC in the 

fibroid and bovine tissue. 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 unknown. A comparison of simulated ablation 

zones when using dielectric properties of uterine fibroids and bovine muscle is provided in Chapter 

5. Further research is required to compare not only the dielectric properties but also the thermal, 

mechanical and structural properties of freshly 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 permittivity, ɛr,  in Figure 3.5(a, c and 

e) reveals that the baseline values at 23 ºC 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 the average values of ɛr drop gradually by ~ 0.1 units/ºC 

from their baseline values for all the frequencies 915 MHz, 2.45 GHz, and 5.8 GHz in the 

temperature interval of 23 ºC < T < 95 ºC. Whereas in the temperature interval of 95 ºC < T< 121 

ºC, a sharp drop with a slope of ~ -1.3-1.5 units/ºC was seen for the mean envelope values. At 121 

ºC, an overall drop of ~ 86 - 87 % from the average baseline value of ɛr was observed for 915 
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MHz, 2.45 GHz and 5.8 GHz. This drop is generally attributed to tissue desiccation and water 

vaporization. For the interval, 121 ºC < T <150 ºC, the ɛr values 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 permittivity of measured fibroid tissues. A few perturbations 

were seen in the upper envelope values around 100 ºC due to water vaporization and potential 

displacements caused by bubbles [163]. 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] which could be heard in the form of a “pop” sound during the experiment. The probe may 

not have remained in direct contact with the tissue if the tissue in contact with the probe tip was 

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 values which is evident from Figure 3.5(b, d, 

and f). The baseline conductivity values are low at lower frequencies as compared to the higher 

frequencies. The baseline mean envelope value at 915 MHz is 1.1 S/m rising by ~ 4.1 S/m at 5.8 

GHz. It can be seen in the Figure 3.5(b and d) that the mean envelope values for ơeff rise by ~ 0.02 

S/m/ºC from the baseline value at 915 MHz and slowly rise (~0.005 S/m/ºC) at 2.45 GHz in the 

temperature interval of 23 ºC < T < 98 ºC. However, at 98 ºC for 5.8 GHz, the ơeff drops to 63.5% 

of its value at 23 ºC. In the temperature interval of 98 ºC < T< 125 ºC, a decrease rate of ~ 0.07-

0.11 units/ºC was seen for mean envelope values. At 125 ºC, the mean envelope reduced to ~ 86 - 

89% for 915 MHz and 2.45 GHz from their corresponding baseline values at 23 ºC whereas a 94 

% drop is observed in the case of 5.8 GHz. This drop is again attributed to tissue desiccation and 

water vaporization. For the interval, 125 ºC < T <150 ºC, the ɛr values remain constant (close to 

zero). The upper and the lower envelope provides a detailed account on the inter-sample variability 
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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 liver [59], [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 plots in Figure 3.6 that the measured dielectric data of 

individual fibroid samples has a sharp transition at temperatures close to 100 ºC. Moreover, for 

frequencies less than 2.45 GHz, the effective conductivity increases with temperature till ~98 ºC 

and then decreases sharply. The piecewise linear function 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 and temperature, which could not be captured otherwise with a sigmoid 

function. 

 Figure 3.7 presents a quantitative analysis of the errors in our parametric fittings (shown in 

Figure 3.5) as compared to the non-parametric values at each point across all measured temperature 

and frequency for all three envelopes. The maximum error in ɛr values is observed around 100 ºC 

at all frequencies for all three envelopes as shown in Figure 3.7(a, c and d). The maximum error 

in ơeff values is generally observed around higher frequencies at baseline temperature and around 

100 ºC as illustrated in Figure 3.7(b, e and f). It is apparent from Figure 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 non-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 variations. Moreover, the 

rapid changes in the tissue’s physical state due to water vaporization at higher temperatures (i.e. > 

100 ºC) 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). In comparison 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 tumors [167]. In fibroids, the 

standard deviation of ɛr ranges from ±5.21-5.62 and ơeff  ranges from ± 0.2-0.28 S/m for 915 MHz 

and 2.45 GHz respectively. While in an ex vivo malignant liver tissue [168] and colon tissue [169], 

the standard deviation of ɛr is ±3.0-3.1 units and ơeff ranges from ± 0.08-0.11 S/m at 915 MHz and 

2.45 GHz respectively. Due to the heterogeneity of fibroid tissues, it was anticipated that there will 

be substantial variation in the dielectric properties of fibroid tissue taken from several samples and 

also at different locations of the same tissue sample. 

 Figure 3.8 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 present study, we employed an established high-temperature dielectric probe kit for 

measuring dielectric properties of tissue at elevated temperatures, similar to other studies ([63], 

[64], [170]–[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. Non-contact dielectric probe methods, such as transmission-based antenna or 

waveguide techniques, may provide a means to reduce potential uncertainties due to measurement 

probe heating. 

One of the limitations of this study is that the dielectric characterization of fibroids was 

done ex vivo. While it is appealing to measure the dielectric properties of tissue in their native in 

vivo state, the presence of blood near the dielectric probe when inserted into perfused tissue can 

cause additional uncertainties [135], [168]. Tissue extraction has minimal effects on dielectric 
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properties if the measurements are performed within few minutes of excision [173] [174], however 

in our study due to the technical limitations of transporting the tissue to the experimental setup, 

the measurements were performed 24-36 h post-surgery. Secondly, 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 the fact that pathology reports of the tissue samples were not available. 

 3.5 Conclusion 

 The temperature-dependent dielectric properties of uterine fibroid over a broadband 

frequency (0.5-6 GHz) and temperature range (23-150 ºC) have been reported for the first time 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 frequencies.   



66 

Chapter 4 - Design and Evaluation of Microwave Ablation 

Applicators for Transcervical Fibroid Ablation 

 4.1 Introduction 

Microwave ablation (MWA) is under investigation as a minimally-invasive thermal 

ablative approach for treatment of uterine fibroids. MWA has the potential of producing 

consistently higher tissue temperatures (for larger ablation volumes) in relatively short period of 

time in highly perfused tissues. MWA has already been employed for the treatment of tumors in 

the liver, lung and kidney [47] in clinical settings. Recently, there has been a growing research 

interest in using MWA for the treatment of fibroids (via percutaneous [10] [11] and transcervical 

[49]–[52][44], [45] approaches). The basic components of MWA are high power- microwave 

generator, and a microwave applicator for power delivery from the generator to the target tissue. 

The applicator consists of 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 commonly used MWA applicators employ needle-based antennas (monopole 

[175], dipole [176] and slot antennas[177]) which yield a nearly spherical ablation pattern. 

Antenna designs for microwave tissue ablation have recently been reviewed in [132].  The design 

of a microwave antenna is the most integral part in the development of a microwave ablation 

technology since the ablation patterns rely on the antenna design. 

 During fibroid ablation, thermal sparing of adjacent tissues to the fibroid is of high priority 

in order to preserve the woman’s ability to bear children. Hence, the objective of fibroid ablation 

treatment is to maximize the non-perfused volume of fibroid for symptom relief [43] by inducing 

cytotoxic temperatures (>55-60°C [37]) in the fibroid tissue, while strictly minimizing the 

collateral damage to the surrounding healthy tissues of uterus [44], [45] and the organs around 
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uterus [46] (e.g. bowel, bladder) by ideally maintaining sub-ablative temperatures in the adjacent 

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, rectum, bladder, and the intestinal tract). 

Technologies for hysteroscopy-guided ablation of fibroids via a transcervical approach (illustrated 

in Figure 4.1.) are attractive for submucosal fibroids because of their reduced invasiveness 

compared to other approaches [53]. Existing MWA applicators are not compatible with the 

hysteroscopy guided ablation of uterine fibroids in terms of the dimensions of the applicator and 

the shape and size of the ablation patterns. Hence, there is a need for site-specific design of MWA 

applicators transcervical treatment of fibroids. 

 

Figure 4.1 Transcervical hysteroscope microwave 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 insertion inside the fibroid (d) Terminal portion of hysteroscope with 

channels with different channels for optics, fluids and working channel for applicator insertion. 

 

 

 

 

https://commons.wikimedia.org/wiki/File:Hysteroscopy.png
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 The most common frequency used for MWA is 2.45 GHz [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 resulting in tissue coagulation [131], 

[132], [134]. The spatial profile of the electric field radiated into the target tissue is determined by 

the geometry of the antenna, operating frequency, electromagnetic properties of the tissue [134] 

[59], [135] [63] and the power transfer efficiency of the applicator from the feedline transmission 

line to the radiating part of the antenna. Several antenna designs have been developed for MWA 

of other site-specific treatments and the goals of antenna design such as 1) an efficient power 

transfer from MW generator to tissue and 2) a radiation pattern comparable to the shape and size 

of the target tissue, are applicable in fibroid MWA applicator design. However, unlike the 

treatment of malignant tumors, it is not essential to ablate the entire fibroid tissue volume, which 

comes with a high likelihood of damaging the surrounding tissue, since the aim of fibroid ablation 

is symptom alleviation for which 100% ablation of the fibroid tissue may not be needed [40] [41]. 

A technical challenge which remains unresolved in the previous applicator designs due to which 

they could not be employed for site specific fibroid ablation is the sphericity of ablation zones (see 

Figure 1.2). There exists a tradeoff between the fractional volume of the fibroid that is ablated and 

the safety of the adjacent non-target tissues due to the gradual temperature roll off from ablative 

to sub-ablative temperatures. Another challenge is 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 integrity of the cable. 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 hysteroscopy guided transcervical MWA of fibroid. The applicator diameter should be less 

than the working channel of the hysteroscope (typically, 3 mm), the length of the applicator should 

be more than the length of the hysteroscope (i.e. more than 32 cm), and the applicator should 

provide a sharp radial transition from ablated to non-ablated region with a spherical ablation profile 

for small submucosal target fibroids (1-3 cm diameter) to maximize ablation outcome and 

simultaneously minimize the risk of damaging the surrounding tissues. 

 During the design and evaluation, and manufacturing validation, of microwave ablation 

devices, tissue mimicking phantoms [178]–[186] serve as powerful tools for comparative 

assessment of candidate technologies. While experiments in ex vivo and in vivo tissue may be more 

representative of the intended clinical use, tissue mimicking phantoms can be constructed in a 

repeatable and reliable manner. Tissue mimicking phantoms with material properties tailored to 

match the target tissue properties are helpful for assessing thermal profiles of prototype ablation 

devices in a benchtop experimental setup [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. Thermo-chromic gel phantoms provide a 

means for spatial assessment of thermal profiles as there is a gradual and permanent change in the 

color of the gel when exposed to specific ablative temperatures (~60 ºC) [179], [182], [184]. 

 The objectives of this study were 1) to design an MWA applicator to create spherical 

ablation zones inside 1-3 cm diameter uterine fibroids suitable for use under hysteroscopic 

guidance, 2) to evaluate the antenna performance in a benchtop experimental setup and 3) to design 

a tissue mimicking phantom for the 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 applicator less than 3 mm (i.e. inner diameter of the 

working channel of hysteroscope), 2) length of the radiating element of antenna less than 5 mm 

suitable for central placement inside a 1 cm diameter fibroid, 3) shape of the radiation pattern 

should be aligned with the shape of the fibroids which are near-spherical, 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 water-cooled monopole microwave antenna design operating at 

a frequency higher than conventionally employed 2.45 GHz MWA applicator i.e. 5.8 GHz 

applicator due its shorter wavelength would provide shorter, spherical ablation zones in 1-3 cm 

diameter target tissue to maximize fibroid ablation volumes while thermally protecting the 

surrounding tissues. Water cooling has been employed for several reasons in the design: 1) to 

prevent overheating of the cable 2) to provide a suitably-matched impedance for the radiator, 3) to 

limit backward heating along the shaft, and 4) high electrical permittivity of water reduces the 

electromagnetic wavelength and consequently decreases the antenna radiating length [132]. 

 4.2.1.1 Applicator diameter 

 Since the applicator diameter needs to be less than 3 mm, a UT-34 feedline coaxial cable 

(from Microstock Inc.) was centrally placed inside two concentric semi-rigid polyimide tubes 

(American Durafilm). Water cooling was incorporated in a 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 mm) was used as the water outflow 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. This assembly of the selected 

components provides a 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 < 3 mm).  

 4.2.1.2 Antenna length 

 The length of the applicator’s radiating element depends upon the electromagnetic 

wavelength, λ, inside the tissue. Usually, the antennas performs efficiently if the λ is of the order 

of the length of the radiating element of antenna which can be calculated using the following 

equation: 

λ =  
co

f√εr

 

where 𝑐𝑜 = speed of light = 3 x 10-8, f = frequency, and 𝜀𝑟 = relative permittivity which is a function 

of the diameter of coaxial cable, insulating catheter’s thickness and dielectric properties of the 

catheter and surrounding tissue.  In biological tissues, λ is in the order of a few cm which places a 

limit on the minimum length of the antenna radiating element for ablation applications [187]. 

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 1-3 cm diameter target fibroids, one of the major challenges we 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 length is limited by the 1 cm fibroid case since the distance 

from the monopole junction to the tip of the applicator must be ≤ 5 mm (radius of 1 cm fibroid). 

We chose a higher frequency of operation for our applicator design as it has a shorter wavelength 



72 

and was expected 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 antenna end for 

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 monopole length has to be ≤ 2.5 mm to avoid applicator insertion 

beyond the fibroid diameter into the non-target tissues. We fixed 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 applicator was to create nearly spherical 

ablation zone to match the shape of 1-3 cm 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 electromagnetic wave along the outside of the antenna’s outer 

conductor which leads to non-spherical ablation patterns [189]. In order to shape the radiation 

pattern, the electromagnetic heating loss along the applicator shaft needs to be restricted.  

 To resolve the aforementioned issue, two design elements: balun and dielectric loading 

were utilized as illustrated in Figure 4.2. A balun/choke [190], [191] consists of a conductor 

surrounding the outer conductor of antenna feedline with a dielectric separation in between and 

electrical shorting at the pend 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 position of the balun  [189].  Moreover, a 
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balun’s geometric specifications are adjusted at a specific applied power and treatment duration to 

achieve desired ablation patterns. In a practical design, the water inflow was maintained below the 

balun by creating electrical connection of the balun conductor at the junction point while 

mechanically leaving some space for the water inflow which can be seen in the cross-sectional 

view in Figure 4.2 to employ cooling below the balun in the applicator. 

 To further improve the sphericity of the ablation pattern, loading [187], [190], [192]–[194] 

of the radiating monopole was employed with the dielectric material of UT-34 coaxial cable (ɛr ~ 

2.1).  

 Parametric length sweep optimization was employed in computational simulations for 

finding optimal dimensions of balun (‘A’ [mm]) and dielectric loading (‘B’ [mm]) while restricting 

the dimensions within the catheter and antenna dimensions 

  

 

Figure 4.2 Schematic for applicator design. ‘A’ denotes the length of balun, ‘B’ denotes the 

length required for dielectric loading of the monopole, ‘C’ denotes the distance of the matching 

element from the monopole junction, and ‘D’ denotes the length of the matching element in 

the longitudinal section view of the applicator. The cross sectional view from the feedline cable 

and the tip of the applicator illustrates water channels and conductors. 

 



74 

 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 patterns), it may lead to a large impedance mismatch 

between the feedline and the antenna and an inefficient transmission of power. The 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 return loss [187]. For 

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 part (ZL) to the feedline coaxial 

cable (ZO = 50 Ω). If there is a mismatch between the feedline and the antenna, then the source 

experiences complex impedance which is a function of the line length. To resolve this issue, a 

matching network was designed inside the coaxial 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 the matching network using admittance Smith chart: 

1. First, the distance of the capacitive element from the monopole junction (denoted as ‘C’ in 

Figure 4.2) 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 (|S11|) was obtained at the port. Assuming a lossless coaxial cable, it was 

considered as |S11| at the monopole junction. 
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b. Next, the distance from the monopole junction was calculated such that the reflection 

coefficient shifts to a point in the left quadrant of the capacitive admittance in the 

admittance Smith chart.  

• For this purpose, the wavelength,λ, was calculated inside the coaxial cable and 

traced back to the monopole junction as follows.  

λ = c/(f√εr)  

Where c = speed of light = 3 x 108 [ms-1], f = frequency of applicator = 5.8 GHz, 

εr = dielectric constant of coaxial cable = 2.1.  

Distance to junction = Modulo (length, 𝜆/2) 

ϕ = 2 π(
Distance to junction

λ
2

) 

 Hence, the starting point at Smith chart = |S11|ejϕ. 

• Then the angle ‘𝜃’ from the starting point to the horizontal line in the admittance 

Smith chart is calculated.  

θ = π + ϕ  

• The distance from the junction to capacitive element for the matching network is 

calculated from 𝜃 as follows: 

C = (
θ

2π
) ∗  (

λ

2
) 

2. Finally, the length of the capacitive element (denoted as ‘D’ in Figure 4.2) was calculated as 

follows: 

a. Initial estimate of D was 
λ

4
. 
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b. To move the reflection coefficient to the center of the Smith chart, optimal length 

of capacitive element, D is found by parameter sweep simulation (between 0 and 
λ

4
) 

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

smallest amplitude. 

 4.2.2 Computer Modeling 

 A two dimensional axis-symmetric 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 applicator [195][196]. Due to the lack of dielectric property data on uterine 

fibroids in the literature, we used the dielectric properties of ex vivo liver tissue for this analysis. 

Liver tissue is the most established and widely used tissue for testing ablation applicator designs 

[188], [197]. 

 4.2.2.1 Equations 

The following governing equations were discretized with the finite element method (FEM).  

1. The time-harmonic Helmholtz electromagnetic wave equation was solved for estimating the 

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

 

 

∇2𝐄 + 𝛽0
2 (𝜀𝑟 −

𝑗𝜎

𝜔𝜀0
) 𝐄 = 0,  (4.1) 

In the equation 4.1, E is electric field [V m-1],  𝛽0 is the wavenumber in free space [m-1], 𝜀𝑟 is 

relative permittivity, 𝜎 is effective electric conductivity [S m-1], 𝜔 is angular frequency [rad s-

1] and 𝜀0 is the permittivity of free space [F m-1]. 
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2. The time-averaged electromagnetic losses 𝑄𝑚𝑤 were calculated using equation 4.2. 

𝑄𝑚𝑤 =
1

2
𝜎‖𝐄‖2 (4.2) 

3. The Pennes’ bioheat equation was used to compute the temperatures in the simulated space as 

given in equation 4.3.  

 𝜌𝑐
𝜕𝑇

𝜕𝑡
= 𝛻 ∙ 𝑘𝛻𝑇 + 𝑄𝑚𝑤 − 𝑚𝑏𝑙𝑐𝑏𝑙(𝑇 − 𝑇𝑏𝑙) (4.3) 

In the equation 4.3, 𝜌𝑐 is the volumetric heat capacity [J m-3 °C-1], T is the temperature [°C], k 

is the thermal conductivity [W m-1 °C-1], mbl is the temperature dependent blood perfusion in 

the liver tissue and cbl is the specific heat capacity of blood.  𝑇𝑏𝑙 is the physiologic temperature 

of the blood. The initial temperature in all tissue regions was set to 37 °C in the whole 

simulation domain. 

4. The Arrhenius model [12] was utilized to estimate the ablation coverage in the tissue following 

MWA. The Arrhenius model computes the thermal damage as function of time and 

temperature as shown in equation 4.4.  

 Ω (𝜏) =   ∫ 𝐴 exp (−
𝐸𝑎

𝑅𝑇(𝑡)
) 𝑑𝑡 

𝜏

0

 (4.4) 

In the equation 4.4, Ω (𝜏) is the Arrhenius damage parameter, A is the frequency factor = 5.51 

x 1041 [s-1], 𝐸𝑎 is the energy barrier = 2.769 x 105 [J mol-1], R is the gas constant = 8.3143 [J 

mol-1 ºC-1], 𝑇(𝑡) is the spatial temperature profile as a function of time and 𝜏 = total time of 

the accumulation of thermal damage in the tissue. The values of A and 𝐸𝑎 were incorporated 

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

ablation zones [199]. For assessing the extent of ablation coverage a damage contour (Ω = 1) 
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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. outside 1-3 cm target zone), safety contour 

was determined using Cumulative Equivalent Minutes at 43°C (CEM43) thermal dose [68]: 

 𝐶𝐸𝑀43 = ∫ 𝑅(43−𝑇) 𝑑𝑡
𝑡

0

 [min] (4.5) 

In the equation 4.5, t is the time for which the tissue was kept at temperature T, R is a 

compensation factor for 1°C change in temperature which equals 0.5 for T > 43 ℃ and 0.25 

for T ≤ 43 ℃. In this study, the extent of the tissue volume where thermal dose exceeded 10 

CEM43, was considered as a threshold between reversible and irreversible thermal effects to 

the tissue.  

 4.2.2.2 Geometry  

 The geometry of the model is shown in the Figure 4.3 which includes a MWA applicator 

and liver tissue. The applicator schematics included only the monopole initially. The balun, 

dielectric loading and matching network were incorporated sequentially based on the parametric 

optimization for the required lengths.  
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 4.2.2.3 Materials 

 For equations (4.1) and (4.2), tissue dielectric property values within liver tissue were taken 

from [135] at the applicator’s operating frequency 5.8 GHz.  For equation (4.3), the thermal tissue 

properties in tissue domain, and the thermal and dielectric properties of water were taken from 

[200]. 

 4.2.2.4 Boundary conditions 

 At the outer boundaries of simulated space, the Sommerfeld radiation condition was 

applied using the approximations given in equation 4.6: 

 𝐧 × (∇ × 𝐄) − 𝑗𝑘𝐧 × (𝐄 × 𝐧) = 0, (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 

insulation boundary condition: 

 

Figure 4.3 Geometry of the model in COMSOL Multiphysics software. 
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𝐧 ∙ (𝑘∇𝑇) = 0, (4.7) 

 A convective heat flux boundary condition was applied on the shaft of the applicator to 

mimic the internal cooling of applicator.  

 𝑞𝑜 = ℎ. (𝑇𝑒𝑥𝑡 − 𝑇),       (4.8) 

where 𝑞𝑜is the modelled heat sink, heat flux coefficient, ‘h’, was 1000 [W m-2 °C-1] and cooling 

water temperature 𝑇𝑒𝑥𝑡 was 15 °C. 

 4.2.2.5 Meshing  

 The overall size of the simulation space was 7 cm × 3.5 cm. The 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), were chosen to provide 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 elements of the applicator (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 one simulation was approximately 45-60 min. The 

models were run on a system with an Intel(R) Core(TM) i5-4590 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 specific absorption rate pattern in the 

electromagnetic model at time t = 0 s. The radiation pattern or the specific absorption rate (SAR) 

were monitored by plotting the electromagnetic heating profile after the first few seconds of 

heating. The most optimum SAR shapes were obtained for a balun length of ‘A’ = 6 mm, and 

dielectric loading of ‘B’ = 2.5 mm as can be seen in Figure 4.4. 

 

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

simulations using parametric sweep. A matching element length of ‘D’ = 9 mm at a distance ‘C’ 

= 3 mm from the monopole junction improved the matching for the antenna as displayed in Figure 

4.5. |S11| before matching was -5.53 dB and |S11| after matching was < -10 dB which provided 

good antenna return loss (i.e. greater than 90% power transmission to the antenna).  

 

 

Figure 4.4 Demonstration of optimization of antenna radiation pattern in a 3 cm target. 
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 4.2.3 Applicator fabrication 

After determining the optimal lengths of balun, dielectric loading of the monopole antenna 

and matching network using iterative adjustments in simulations, the antenna was fabricated in the 

lab as described in Appendix C. For an initial prototype, the total length of the UT-34 cable was 

kept to a few mm more than the length of the applicator in the computer model to allow 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 

hemostasis valve was fixed with epoxy over the proximal end of the applicator shaft (for water 

flow). After that the dielectric and the outer conductor from the distal end of the UT-34 applicator 

were taken off according to the dimensions of matching network and monopole length. The 

matching 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 balun was created by placing a conductor over the outer 

 

Figure 4.5 Illustration of optimization for impedance matching. 
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conductor of coaxial cable while leaving an allowance of the inflow of water (described in detail 

in Appendix C). The antenna was immersed in a beaker filled wither water to measure the 

broadband reflection coefficients of the antenna with the vector network analyzer (HP 8753D). 

After confirming adequate impedance matching at 5.8 GHz i.e. |S11| < -10 dB, the water channels 

were created with outflow and inflow polyimide tubes, valves, and epoxy. Extra care was taken 

while sealing the applicator at the distal end so that the epoxy stays at least 1-1.5 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 tissue, another applicator was 

fabricated with the applicator lengths (at the proximal end) increased to more than 32 cm to fit the 

hysteroscope working channel. It should be noted that there was no need to change the distal 

(monopole) end dimensions.   

 4.2.4 Evaluation of applicator performance in ex vivo tissue 

 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 liver tissue were prepared in the lab, were sealed in a plastic bag and were 

preheated to physiologic temperatures (~35-37 ºC) in a water bath. After warming samples to 

physiologic temperatures, they were taken out from the plastic bags and placed on a benchtop tray. 

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) is at least 6 cm inside the liver sample. A microwave 

signal generator (HP 83752B) was used to provide a continuous wave sinusoidal signal at the 5.8 

GHz frequency. To amplify the signal to desired power (15 W to 35 W) solid-state microwave 

amplifiers were used. A microwave power meter (Bird 7022, statistical power sensor) was 
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employed to monitor forward and reflected power during ablations. Cooled water (∼15 °C) was 

circulated through the applicator through a peristaltic pump (Cole Parmer 7554–90, Vernon Hills, 

IL, USA) at a rate of 80 [ml min−1]. 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 target zone). The 

experimental setup is shown in Figure 4.6. 

 4.2.5 Evaluation of applicator performance in tissue mimicking gel phantom 

 4.2.5.1 Preparation of thermo-chromic tissue mimicking gel phantom 

 Thermo-chromic phantoms provide a facile means for visualizing spatial heating patterns 

from candidate ablation technologies under test. Polyacrylamide based thermo-chromic tissue 

mimicking gel phantoms have been previously employed for several HIFU, RFA and MWA 

applications [182], [184] [179]. To prepare thermo-chromic tissue mimicking gel phantom in this 

study, the formulation was taken from [184]. Briefly, the phantom was prepared using 

polyacrylamide gel and thermo-chromic ink which gradually and permanently changes its color at 

ablative temperatures (~ 60 ºC). The ingredients of the gel phantom and their respective 

proportions are enlisted in Table 4.1. First, a mixture of aqueous solution of 40% (w/v) 

 

Figure 4.6 Setup for applicator evaluation in ex vivo bovine liver tissue sample 
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acrylamide/bis-acrylamide (with feed ratio of 19:1), deionized water, sodium chloride and thermo-

chromic ink (Kromagen WB flexo ink magenta K60, LCR Hallcrest, LLC, Glenview) was formed 

in a glass beaker at room temperature (~23 ºC) using magnetic stirrer. After thorough mixing of 

the aforementioned ingredients, Ammonium persulfate (APS) was added to initiate polymerization 

and N, N, N′, N′-tetramethylethylenediamine (TEMED) was added as a catalyst for polymerization 

of the gel. Acrylamide/Bis-acrylamide, APS and TEMED were purchased from Sigma Aldrich, 

Milwaukee, WI. 

 The final solution was instantaneously transferred to the 4 mL glass vials and plastic 

containers of required gel dimensions, sealed and placed in a refrigerator (at 4 ºC) to allow slow 

polymerization. Otherwise, if the polymerization happens at room temperature, the temperature of 

phantom material rises due to the heat generated in the polymerization process [201] which will 

result in undesired and confounding color changes.  The phantom was kept in the refrigerator until 

use. Figure 4.7 displays a block of gel phantom at room temperature (~ 23 ºC) which was prepared 

for testing the MWA applicator. 

Table 4.1 Formulation of thermo-chromic tissue mimicking gel phantom 

Sr. No Ingredients Proportions (%) 

1.  40% (w/v) acrylamide/bis-acrylamide (19:1) 17.5 (v/v) 

2.  Kromagen WB flexo ink magenta K60 5 (v/v) 

3.  APS 0.14 (w/v) 

4.  TEMED 0.14 (v/v) 

5.  Sodium chloride (NaCl) 0.9 (w/v) 

6.  Deionized water 76.1 (v/v) 
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 4.2.5.2 Assessment of gel discoloration with temperature  

 The gel samples were heated at specific temperatures in a water bath for different time 

durations from 5-30 min. The thermo-chromic gel permanently changes its color according to the 

maximum heating temperature it has been exposed and is not sensitive to the duration of heating, 

in agreement with previous studies [184].  

 

Figure 4.7 A block of thermochromic tissue mimicking gel phantom at room temperature. 

 

 

Figure 4.8 An example set of gel phantom illustrating gel discoloration from its room 

temperature value (25 ºC) at different peak temperature values. 
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Next the gel samples which were heated to specific temperatures, were placed in a portable 

Mini Photo Studio Box (SANOTO, Whittier, CA). A 12 megapixel Samsung Galaxy S7 camera 

was used to capture the images in consistent background lighting conditions. Figure 4.8 displays 

the gel discoloration at respective maximum temperature values. It can be seen in the figure that 

noticeable color changes occur after 50 ºC. Moreover, the gel samples were heated beyond 75 ºC 

but the color remains the same as that of 75 ºC.  

 

 4.2.5.3 Determination of RGB values and thresholds 

 To determine the RGB value evolution with the rising temperature, following procedure 

was employed. A custom made tool in MATLAB was utilized to perform color correction (based 

on white background color correction algorithm) and to collect the RGB values at the specific 

chosen points, selected to avoid the lighting artifacts due to reflection from the surface of glass 

vials, as illustrated in Figure 4.9. This procedure was repeated for each temperature set point (i.e. 

6 temperatures and 7 sets, a total of 42 samples). The RGB value at each point was noted as the 

average over 3x3 pixels in region of interest.  

 

Figure 4.9 Sample sets displayed as an example to demonstrate the color change as a function 

of temperature from 50-75 ºC after white correction. Each set was comprised of 6 samples of 

phantom which were heated at constant temperatures of 50 ºC, 55 ºC, 60 ºC, 65 ºC, 70 ºC and 

75 ºC. The red circles show the points taken for extracting the RGB values. 
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 RGB values at temperatures ranging from 50-75 ºC were consequently fitted with a 

sigmoid function at each of the color channels independently by nonlinear least squares iterative 

method as shown in Figure 4.10. 

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

   Thr_channel (T) = 
a1

1+exp( (T− a2)/a3)
 + a4                           (4.9) 

Where Thr_channel is the threshold for each channel at a specific temperature value ‘T’. T ranges 

from 50-75 ºC. a1, a2, a3 and a4 are the fitting coefficients which are provided in Table 4.2. 

Table 4.2 Fitting coefficients for sigmoid functions of RGB channels from 50-75 ºC. 

Channels Fitting coefficients 

𝐚𝟏 𝐚𝟐 𝐚𝟑 𝐚𝟒 

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 

 

 

Figure 4.10 RGB values as a function of temperature obtained from 7 experimental sets. 

Sigmoid function was used for parametric fitting of values of each color channel at 

temperatures ranging from 50-75 ºC.  
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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 using the open-ended coaxial probe method (similar to measurements reported in 

Chapter 3) [202]. KeySight 85070E probe was utilized to measure broadband complex reflection 

coefficient with the use of Vector Network Analyzer (VNA) (HP8753D). For minimizing the 

measurement error, the gel sample has to be greater than 1 cm in diameter. We also utilized the 

hot plate and custom copper template to heat the tissue sample up to ablative temperatures. Finally, 

fiber optic sensor (Neoptix™ Inc., Quebec CA) was used to monitor and save the temperature 

concurrently with dielectric measurements as shown in Figure 4.11. 

 

 

Figure 4.11 Schematics illustrating the measurement setup of gel dielectric properties. 
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 The dielectric properties were measured on 8 gel samples with multiple measurements on 

each sample (total 38 readings on room temperature and 1 reading on elevated temperature ‘T’ 

ranging from 22 ºC to 100 ºC). The temperature dependent dielectric data collected from these 

experiments (shown in Figure 4.12) was used in computer models. The fitting coefficients for the 

dielectric properties of gel phantom are given in Appendix D. 

 

  

 

Figure 4.12 Temperature dependent dielectric properties (relative permittivity, ɛr,  and 

effective conductivity, ơeff) of gel phantom at 915 MHz, 2.45 GHz and 5.8 GHz.  
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 4.2.5.5 Measurement of thermal properties 

Thermal properties of the tissue mimicking gel 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 measurement. The instrument reports volumetric heat capacity (c [MJ m-³ K-

1]), thermal conductivity (k [W m-1 K-1]), thermal diffusivity (d [mm² s-1]) and thermal resistivity 

(r [°C cm W-1]) from the measured data. Measured data are acquired during the heating as well as 

cooling phase of reading. Figure 4.13 shows the experimental setup for measuring the thermal 

 

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. 
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properties of the gel samples. Gel samples of dimensions 3 x 3 x 4 cm are required to minimize 

the measurement error as mentioned in the datasheet of the measuring equipment.  

Thermal properties of 7 samples were measured (total 16 measurements) at room temperature ~22-

23 ºC. The thermal properties of the phantom compare well with the values reported in previous 

studies [182] and are summarized in 

Table 4.3. 

 

Table 4.3 Thermal properties of tissue mimicking gel phantoms. 

Properties Measured values at room temperature 

Mean Std Min Max 

k [W m-1 K-1] 0.51 0.07 0.48 0.61 

r [°C cm W-1] 197.56 24.6 165.1 230.5 

c [MJ m-³ K-1] 3.31 0.41 2.62 3.81 

d [mm² s-1] 0.15 5 x 10-3 0.15 0.17 

 

 4.2.5.6 Experimental assessment of applicator in gel phantom 

 6 cm x 6 cm x 6 cm samples of gel phantom were prepared in the lab and refrigerated. For 

ablation experiments, the phantoms were taken out of the refrigerator and was left on the benchtop 

to stabilize the temperature of the gel to room temperature (23 °C). The gel was transferred to a 

custom designed template box which has slots for proper insertion of applicator as well as a matrix 

of holes for the placement of fiber optic sensors. The applicator was introduced into the sample 

such that the insertion depth of the applicator (tip of the monopole to the surface of the phantom) 

is atleast 4 cm inside the gel sample. The fiber optic sensors (Neoptix™ Inc., Quebec CA) were 

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 needle catheters to ensure a straight trajectory 

at the target location i.e. in line with the monopole junction. Microwave 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 desired power (25 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 ablations. Room temperature water (∼23 °C) was circulated through 

the applicator through a peristaltic pump (Cole Parmer 7554–90, Vernon Hills, IL, USA) at a rate 

of 80 [ml min−1]. A total of 2 experiments were performed with 3 temperature sensors in each 

experiment for measuring the temperatures in the expected heating zones to compare the 

temperatures predicted in the simulations each target zone. The duration of first heating experiment 

was 3 min and for second heating experiment was 8 min.  Since the gel material easily disintegrates 

with the use of knife while slicing, the gel phantom was carefully sliced using copper sheet post 

ablation. The experimental setup is shown in Figure 4.14. 

  

 

Figure 4.14 (a) Setup for applicator evaluation in tissue mimicking gel phantom, (b) post 

ablation slicing of the gel. 
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The images of the gel post microwave heating were taken using the same procedure as 

discussed in previous sections and the white correction was applied. Using the RGB thresholds 

from the sigmoid function, the segmentation of the images obtained from ablation was performed 

at specific temperature values i.e. 55 ºC, 60 ºC and 70 ºC. The following expression was used for 

image segmentation.  

(Image R channel (x, y) < Thr _ R (T)) 

& 

(Image G channel (x, y) < Thr _ G (T)) 

& 

(Image B channel (x, y) < Thr _ B (T))  

where Thr _ R = threshold 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 the images for that specific temperature value to verify the 

agreement of the gel discoloration due to microwave heating with gel discoloration-temperature 

mapping obtained from water bath heating. 
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 4.2.5.7 Computer simulations of applicator in gel phantom  

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 properties and thermal properties of the 

gel phantom were incorporated in the models. The models were simulated with room temperature 

values of thermal properties of gel and temperature dependence of thermal properties of ex vivo 

tissues since it was hypothesized that the gel’s thermal properties would be similar to the ex vivo 

tissues. The 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 temperatures recorded at the 

actual sensor location (verified after slicing) were compared with the simulation results. Three 

values of rate of change of thermal conductivity (dk) were simulated (0.024, 0.0031 and 0.038 [W 

m-1 K-1]) to predict the simulation results which would provide the best match with the 

experimental results. 
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 4.3 Results 

 4.3.1 Applicator fabrication 

Figure 4.15 displays the fabricated 5.8 GHz water-cooled monopole applicators with 

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

heating tip for creating ablations in 1-3 cm target zones. 

 

(a) 

 

(b) 

 

Figure 4.15  Fabricated 5.8 GHz water-cooled monopole applicators (a) prototype design, (b) 

design compatible with hysteroscope length, and c) Measured |S11| of fabricated antenna in 

water. 
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4.3.2 Evaluation of applicator performance in ex vivo tissue 

Figure 4.16 displays the ablation zones created in 1-3 cm diameter targets. It can be seen 

in the figure that the applicator is able to create almost spherical ablation zones within 1-3 cm 

diameter targets. 

 

Figure 4.17 shows comparison of the computer model simulations and the ablation zones 

obtained from the experiments.  

 

Table 4.4 provides a detailed analysis to quantify the differences between the experimental 

results and the simulations. It can be seen that the ablation boundaries from experiments lie within 

±1.5 mm of simulation predictions. 

  

 

Figure 4.16 Example images from the experimental evaluation of 5.8 GHz applicator in ex vivo 

tissue for creating ablations in 1-3 cm target zones with their respective power and time 

combinations. 
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Table 4.4 Comparison of ablation sizes achieved in simulation and experiments. 

Desired 

Ablation 

Size 

(cm) 

Power 

(W) 

Time 

(min) 

Ablation 

Height (cm) Width (cm) 

Simulation Experiments Diff. Simulation Experiments Diff. 

 µ±ơ  µ±ơ 

1 cm 15 3 0.80 0.9 0.86 

± 

0.06 

0.06 

± 

0.06 

1.20 1.0 1.0 

± 

0.0 

0.20 

± 

0.0 
0.8 1.0 

0.9 1.0 

2 cm 30 5 1.70 1.8 1.80 

± 

0.10 

0.10 

± 

0.10 

2.20 2.0 1.96 

± 

0.06 

0.24 

± 

0.06 
1.9 2.0 

1.7 1.9 

3 cm 35 10 2.40 2.5 2.46 

± 

0.06 

0.06 

± 

0.06 

2.70 2.7 2.67 

± 

0.06 

0.03 

± 

0.06 
2.5 2.7 

2.4 2.6 

 

 

 

  

 

Figure 4.17 Comparison of ablation profiles from experiments and simulations. For each 

fibroid size, mean values of the ablation contour obtained from the experimental results (n = 3 

experiments) is overlaid on the temperature maps from simulations.  
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 Figure 4.18 shows the radial fall-off of temperature profile while using 5.8 GHz applicator 

from 55 ºC (ablated zone) to 43 ºC (thermally affected zone).   

 

  

 

Figure 4.18 The radial temperature profile of 5.8 GHz MWA applicator (from the applicator 

surface) with 60 W applied power for 1-3 cm target zones at (10 s and 564 s) of ablation in an 

ex vivo tissue illustrating a gradual decay from 55 ºC (ablated zone) to 43 ºC (thermally affected 

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 

Figure 4.19 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 with temperatures 

which is higher than the given thresholds (i.e. 55 ºC, 60 ºC and 70 ºC).  

 

  

 

 

 

 

 

Figure 4.19 Ablation profile of 5.8 GHz MWA applicator obtained from experiments in tissue 

mimicking thermo-chromic gel phantom with overlaid temperature contours calculated from 

the sigmoid function of RGB values of gel discoloration experiment. (a) 1.3 cm ablation 

obtained with applied power 25 W for 3 min duration and (b) 1.3 cm ablation obtained with 

applied power 25 W for 8 min duration where 55 ºC contour is considered ablation boundary. 
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 The 55 ºC contour obtained from experiments is furthermore compared with the extent of 

55 ºC from simulation in Figure 4.20.  

 

  

 

Figure 4.20 Ablation profile of 5.8 GHz MWA applicator obtained from simulations in tissue 

mimicking thermo-chromic gel phantom properties after optimization of thermal properties 

(a) 1.3 cm ablation in experiments vs 1.6 cm ablation in simulations with 25 W for 3 min 

heating and (b) 1.3 cm ablation in experiments vs 1.9 cm ablation in simulations with 25 W 

for 8 min heating where 55 ºC contour is considered ablation boundary. 
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 Furthermore, to verify the extent of color change with respect to maximum achieved 

measured temperature obtained after microwave heating and its comparison to colors achieved in 

water bath heating as mentioned in section 4.2.5.3, the set of experiments with fiber optic sensors 

which were placed in known locations was conducted.  

 Table 4.5 shows the intended and actual locations of fiber optic sensor tip as measured 

after the heating experiments. 

 

Table 4.5 shows the fiber optic temperature sensor intended and measured locations in space (x, 

y, z) and the maximum temperatures recorded at each sensor at the specific sensor position. 

Sensor Fiber optic sensor location in gel from the 

applicator shaft 

Maximum 

temperature recorded 

(ºC) While setting up in 

template box 

(x, y, z) 

(mm) 

After slicing 

(x, y, z) 

(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 sensitivity of agreement between measured temperatures from S3 and temperatures 

from simulations with regards to sensor displacement (from measured position) is illustrated in 

Figure 4.21 where root mean square error (RMSE) for each displacement is provided.  

 

  

 

Figure 4.21 Sensitivity of agreement between simulated temperature and temperature from S3 

(as assessed by RMSE) with respect to sensor displacement. 

 



104 

 Figure 4.22 demonstrates the agreement between measured maximum temperatures from 

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

for given maximum temperatures.

 

Figure 4.22 Validation of maximum temperature as predicted by achieved discoloration and 

as measured from the fiber optic sensors (a) Contour of maximum temperature recorded at S3 

overlaid on the discoloration profile (obtained from P= 25 W and 3 min heating experiment) 

and (b) Contours of maximum temperature recorded at S5 and S6 overlaid on the discoloration 

profile (obtained from P = 25 W and 8 min heating experiment). The ‘X’ marks show the 

location of sensor tip. 
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 Figure 4.23 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 simulations.  

 

  

 

   

 

 

  

 

Figure 4.23 Temperatures around applicator shaft in the gel in first 30 s of heating for SAR 

prediction. Temperatures from simulations are plotted vs temperatures at measured sensor 

locations (2 mm, 5 mm and 7 mm) from the applicator shaft and at optimized locations (within 

± 1 mm of measured location) with lowest RMSE value. 
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 4.4 Discussion 

In this study, the design of 5.8 GHz water-cooled monopole MWA applicators suitable for 

ablation of 1-3 cm uterine fibroids was reported. The presented applicator designs were evaluated 

in thermo-chromic tissue-mimicking phantoms and ex vivo tissue. 

Figure 4.16, Figure 4.17 and Table 4.4 confirm that the experimental results of 1 cm, 2 cm 

and 3 cm ablations in ex vivo tissue samples are in good agreement with the predicted results of 

simulation. Since 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 CEM43 has been plotted as an example of thermal safety contour in Figure 4.17. 

Before designing the 5.8 GHz MWA applicator, it was hypothesized that a spherical 

ablation zone can be achieved as compared to the previous applicator designs at 2.45 GHz which 

provided elliptical ablation zones. Figure 4.18 shows the radial margin from ablated to non-ablated 

region using 5.8 GHz applicator to be ~2-5 mm for 1 cm and 3 cm target zones. To achieve 

spherical ablation profiles while using 2.45 GHz, we applied the same applicator design concepts 

as presented in this dissertation for 2.45 GHz monopole applicator. For a required length of 

monopole i.e. 2.5 mm for 1 cm fibroid ablation, at best we could achieve |S11| = -4.72 dB. For an 

efficient power transfer from antenna to the target tissue |S11| < -10 dB is desirable. Hence, the 

use of a 2.45 GHz applicator is ill-suited to achieve ablation volumes with minimal damage to 

surrounding tissues in small sized fibroids (i.e. 1- 3 cm). 

Figure 4.19 illustrates that the extent of ablation contour (55 ºC) obtained in gel 

experiments for applied power of 25 W is unaffected by the increase in the heating duration. For 

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 the ex vivo tissue experiments which provided promising results for 
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ablations in 1-3 cm target zones hence this observation is most likely to the discrepancy between 

physical properties of the gel phantoms and the properties used within simulations. While 

temperature-dependent dielectric properties of the phantoms were measured and used within 

simulations, thermal properties were only 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 ºC ablation contours from experiments 

were overlaid on the temperature maps obtained from simulations in Figure 4.20. 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 power.  

 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 compared in Figure 

4.23. There are two known sources of variability between experiments and simulations. 1) The 

accuracy of fiber optic sensor tip location is within ±1 mm and 2) The temperature dependence of 

the gel’s thermal properties is unknown and the temperature dependence of ex vivo tissue thermal 

conductivity was utilized in the gel models. Sensitivity analysis with ±1 mm sensor position offsets 

from the measured sensor location in experiments for sensor S3. The simulation temperatures were 

fitted to the experimental temperatures with the sensitivity to measured sensor locations (2 mm, 5 

mm and 7 mm from the applicator shaft) and rate of change of thermal conductivity, dk. It was 

observed that the simulations with the highest dk, i.e. 0.038 [W m-1 K-1] has a better match with 

the experimental results as compared 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 lower than the simulations after 30 s suggesting that the temperature dependence 

functions of thermal properties of the gel are considerably different from the ex vivo tissue. 
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 Figure 4.24 confirms a good agreement between measured maximum temperatures from 

fiber optic sensors; S3, S5 and S6 (in microwave heating experiments) and corresponding color 

thresholds (predicted by sigmoid functions obtained from water bath heating experiments) by 

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 shaft) was 88.5 ºC. However, it was observed in the water bath gel 

heating experiments that the gel color remains the same at temperatures > 75 ºC, therefore 75 ºC 

contour was plotted and the location of S3 lies well within the contour.  

Thermo-chromic tissue mimicking gel phantom experiments reveals some interesting 

observations about the gels. Firstly, the changes in gel color are independent of the cumulative 

thermal dose accumulated as a result of different heating durations from 5-30 min at temperatures 

ranging from 50 -75 ºC as described in earlier studies [184]. However, the thermal therapies in 

biological tissues are dependent on the cumulative thermal dose of heating (i.e. time-temperature 

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 the gel 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 applicators designed for transcervical microwave 

ablation of fibroids via hysteroscopy yields more than 90% ablation volumes inside the target 

zones (1-3 cm) with minimal damage to the non-target tissue. Thermo-chromic tissue mimicking 

gel phantoms can be used for the quantitative assessment of different microwave applicators i.e. 

the shape of the SAR. However, for the quantitative assessments the computer simulations should 

match with the experimental results. More studies are needed to characterize the thermal properties 

of the gel phantom at elevated temperatures. 
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Chapter 5 - Assessment of device positioning and tissue dielectric 

properties on ablation outcome in Transcervical Microwave 

Ablation of Fibroids2 

 5.1 Introduction 

 Uterine leiomyoma (fibroids) are a common benign tumor which significantly decrease the 

quality of a woman’s life, and are estimated to affect 77% of all women by menopause [2]. In the 

United States alone, it is estimated that 11 million women have fibroids [205]. Symptoms include 

heavy menstrual bleeding, increased 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 Types 1 – 8. [15].  

 The type, size and location of fibroid inside the uterine cavity affects the treatment 

modalities offered to the patient [15] [16] [75]. Hysterectomy, surgical removal of the entire uterus, 

is an established treatment for fibroids. However, this is a highly invasive procedure, is associated 

with long recovery times, and precludes child-bearing. Uterine artery embolization [206] and 

myomectomy [25] are minimally-invasive treatments that offer the potential to preserve fertility. 

In situ thermal ablation techniques for the treatment of fibroids – such as high intensity focused 

ultrasound (HIFU) [207], radiofrequency ablation (RFA) [98] [208] and microwave ablation 

(MWA) [41], [48] – 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 

 

2 This chapter has been published as G.Zia, J.Sebek, J. Schenck, and P. Prakash, “Transcervical microwave 

ablation in type 2 uterine fibroids via a hysteroscopic approach: analysis of ablation profiles”, Biomed. Phys. Eng. 

Express, vol. 7, no. 4, p. 045014, Jun. 2021, doi: 10.1088/2057-1976/abffe4. 
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fibroid, which is heated to ablative temperatures (> 55 – 60°C [37]), while limiting thermal spread 

to the surrounding uterine tissue. The volume of ablated tissue can be assessed post-ablation (e.g. 

on  magnetic resonance imaging) with the non-perfused volume (NPV) [147], which has been 

shown to be an indicator for symptom relief [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 challenging for the complete resection of 

Type 2 ( ≥ 50% intramural component) fibroids [33] [34] [35] [36]. Multiple procedures can cause 

perforations, collateral damage to healthy myometrium tissue [25][99] or intrauterine adhesions 

[210][31], which can adversely affect the reproductive health of the patient. For the treatment of 

small fibroids (≤ 3 cm diameter), non-surgical or minimally invasive procedures are often 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 steering 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 specifically for ablation of fibroids are in clinical use employing 

laparoscopic [20] [75] and ultrasound guided (US) transcervical approaches [37] [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 using a 2.45 GHz system 

has also been reported in the clinical setting [10] [11]. While the volume of fibroids following 

ablation was significantly smaller, no complications and reduced procedure-related pain compared 

to other modalities were reported. The use of a transcervical microwave myolysis technique 
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combined with endometrial ablation under ultrasound guidance has been described previously in 

[49]–[52]. 

 We are exploring the technical feasibility of minimally invasive transcervical microwave 

ablation of fibroids under hysteroscopic guidance for treating 1-3 cm Type 2 fibroids. Thermal 

sparing of the myometrium adjacent to the fibroid is of high priority in order to preserve the 

woman’s ability to bear children. To achieve this goal, we have developed a 5.8 GHz MWA device 

that can be delivered via the instrument channel of a hysteroscope (~3 mm) with a steep transition 

from ablated tissue to thermally unaffected tissue, thereby restricting sub-ablative thermal 

exposure to surrounding myometrium.  Due to the anatomy of the uterus, accurately positioning 

the applicator 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 small fibroids. 

 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 non-fibroid heated above a safe thermal dose threshold) as shown in Figure 

5.1. To achieve this objective, we developed computational models of microwave ablation of 

uterine fibroids and validated the modeling results with experiments in ex vivo tissue. In addition, 

we evaluated the differences in the ablation outcomes based on the dissimilarities in the dielectric 

properties of the ex vivo human uterine fibroid tissue and bovine muscle which is commonly used 

as a surrogate tissue for fibroid ablation. 
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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), 2) a 5.8 GHz frequency solid-state amplifier, 3) coaxial cables for 

transmission of power from the amplifier to the applicator 4) a wideband radiofrequency power 

meter (Bird Technologies 7022) for monitoring of forward and reflected power, 5) a custom 

designed 5.8 GHz water-cooled MWA applicator (discussed in Chapter 4) suitable for insertion 

into fibroid via the working channel of a hysteroscope, and 6) a peristaltic pump (Masterflex L/S 

economy drive model 7015-20) for circulating cooling water through the applicator. 

 The experimental evaluation was carried out in ex vivo bovine muscle similar to prior 

studies evaluating technologies developed for ablation of uterine fibroids [65] [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 ºC, 

tissue samples were sectioned, placed within thin sealed plastic bags which were then placed in a 
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temperature-controlled water bath. We considered the scenario where saline was continuously 

circulated through the uterine cavity for providing an unobstructed field of view [211],[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 for maintaining the physiologic 

conditions of uterus [44]. 

 5.2.2 Computational modeling 

 We employed a multi-physics 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 performance [195][196]. 

 5.2.2.1 Equations 

 The following governing equations were discretized with the finite element method (FEM). 

The spatial distribution of the electric field in tissue was estimated by solving the time-harmonic 

Helmholtz electromagnetic wave equation: 

                               ∇2𝐄 + 𝛽0
2 (𝜀𝑟 −

𝑗𝜎

𝜔𝜀0
) 𝐄 = 0,     (5.1) 

 

where E is electric field [V m-1],  𝛽0 is the wavenumber in free space [m-1], 𝜀𝑟 is relative 

permittivity, 𝜎 is effective electric conductivity [S m-1], 𝜔 is angular frequency [rad s-1] and 𝜀0 is 

the permittivity of free space [F m-1]. The time-averaged electromagnetic losses 𝑄𝑚𝑤 were 

calculated using: 

 𝑄𝑚𝑤 =
1

2
𝜎‖𝐄‖2 (5.2) 

Finally, temperatures in the simulated space were computed using the Pennes’ bioheat equation. 
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 𝜌𝑐
𝜕𝑇

𝜕𝑡
= ∇ ∙ 𝑘∇𝑇 + 𝑄𝑚𝑤 − 𝑚𝑏𝑙𝑐𝑏𝑙(𝑇 − 𝑇𝑏𝑙) (5.3) 

     where 𝜌𝑐 is the volumetric heat capacity [J m-3 °C-1], T is the temperature [°C], k is the thermal 

conductivity [W m-1 °C-1], mbl is the temperature dependent blood perfusion in fibroid and 

surrounding myometrium and cbl is the specific heat capacity of blood.  𝑇𝑏𝑙 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 dose [68]: 

 𝐶𝐸𝑀43 = ∫ 𝑅(43−𝑇) 𝑑𝑡
𝑡

0

 [min] (5.4) 

 where t is the time for which the tissue was kept at temperature T, R is a compensation 

factor for 1°C change in temperature which equals 0.5 for T > 43 ℃ and 0.25 for T ≤ 43 ℃. The 

fraction of the fibroid volume where thermal dose defined by (5.4) exceeded 240 CEM43, as 

suggested for estimation of ablation boundary in [69], is referred to as ablation coverage. The 

extent of the tissue volume where thermal dose exceeded 40 CEM43, as suggested in [70] as 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 shown in Figure 5.2 (a), and includes three regions, 

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

applicator position with respect to fibroid central axis are defined in Figure 5.2 (b). 
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Figure 5.2 (a) Computational model geometry (b) Definition of geometry parameters for 

sensitivity analysis; insertion angle ϴ, displacement in x-direction, xo and displacement in z-

direction, zo. The blue dots in the figure depict the points used for validation of temperature in 

models with the experiments.  

 

 5.2.2.3 Material assignment  

 For equations (5.1) and (5.2), tissue dielectric property values  within each domain [60], 

[63], [151], [202], [213] at the applicator’s operating frequency 5.8 GHz are summarized in Table 

5.1 (for details see Appendix E).  Due to the lack of dielectric property data on uterine fibroids in 

the literature, we used the dielectric properties of ex vivo bovine muscle in the fibroid regions. 

Bovine muscle is often used as a surrogate for uterine fibroids [65] for preclinical evaluations, and 

was also used in our experiments. 

For equation (5.3), the thermal tissue properties in simulation domains [126], [151], [214], 

[215] are given in Table 5.1 (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 hysteroscopy. 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 ºC. Over the temperature range, 37 ºC 

– 60 ºC, previous studies [126], [216] indicate minor changes in tissue thermal properties. 

Table 5.1 Values of tissue properties used in simulations.  

For each tissue property we have provided the value at physiologic temperature and type of 

temperature dependency function with respective references. 

Domain Uterus *Fibroid Uterine Cavity 

𝜀𝑟  

[-] 

52.4 

(constant) 

[151], [60] 

43.33 

(piecewise linear) 

[202], [202] 

69.92 

(constant) 

[213] 

𝜎  

[S m-1] 

6.05 

(constant) 

[151], [60] 

4.23 

(piecewise linear) 

[202] 

7.84 

(constant) 

[213] 

𝜌𝑐 

[MJ m-3 °C-1] 

4 

(constant) 

[151] 

4 

(piecewise constant) 

[151], [126] 

 

- 

𝑘 

[W m-1 °C-1] 

0.53 

(constant) 

[151] 

0.5 

(piecewise linear) 

[151], [126] 

 

- 

mbl 

[kg m-3 s-1] 

 

1.89 

(reduced to zero at 60 

°C) 

[214], [215] 

1.89 

(reduced to zero at 60 

°C) 

[214], [215] 

- 

cbl 

[J kg-1 °C -1] 

3617 

[151] 

3617 

[151] 

- 

 

 5.2.2.4 Boundary conditions 

 The following boundary conditions were applied. The Sommerfeld radiation condition was 

applied at all outer boundaries of simulated space using the following approximation: 

 𝐧 × (∇ × 𝐄) − 𝑗𝑘𝐧 × (𝐄 × 𝐧) = 0, (5.5) 

 where n is a unit vector perpendicular to the specific boundary. Furthermore, outer 

boundaries of the simulated space were subjected to a thermal insulation boundary condition: 
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 𝐧 ∙ (𝑘∇𝑇) = 0, (5.6) 

 A convective heat flux boundary condition was applied on the boundary between uterine 

cavity and uterine wall as well as fibroid to model saline water flushed during hysteroscopy 

procedures: 

                                                                                                                         𝑞𝑜 = ℎ. (𝑇𝑒𝑥𝑡 − 𝑇),                                                              (5.7) 

 where 𝑞𝑜is the modelled heat sink, h stands for heat flux coefficient of value  

30 [W m-2 °C-1], and 𝑇𝑒𝑥𝑡 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 coefficient ℎ was 1000 [W m-2 °C-1] and 

external temperature 𝑇𝑒𝑥𝑡 was 15 °C.  

 5.2.2.5 Meshing 

 The overall size of the simulation space for 3 cm diameter fibroid simulations was 6 cm × 

4.5 cm × 10 cm and for 1 cm diameter fibroid simulations simulation space was 3.5 cm x 3.6 cm 

x 10 cm respectively. While selecting appropriate meshes for the domains, the size of mesh 

elements was gradually decreased in each domain and the changes of model output (as defined 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, were chosen 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 largest distance between 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 and the average time to complete one simulation was 

approximately 10-11 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 complete one simulation was approximately 8 hrs. Models were run on a 

computer with an Intel(R) Core(TM) i7-8700 CPU running at 3.2 GHz and 64 GB RAM. 

 5.2.3 Experimental assessment of model predictions 

 In the present study, computational models were applied to assess the impact of applicator 

position within a uterine fibroid on thermal ablation profiles in the fibroid and the thermal dose 

accrued in adjacent myometrium. Experiments were conducted in ex vivo tissue to comparatively 

assess model predictions of ablation zone extents and transient temperature at the fibroid – 

myometrium against experimental observations. Experimental results were compared with model 

predictions from ex vivo simulations i.e. no perfusion was applied. The initial temperature of the 

ex vivo tissue in simulations was 37 °C, and in experiments was approximately 37 °C.  The 

experimental setup is similar to a previous study [44], and is shown in Figure 5.3. 

 

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 tissue and 

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 cavity was created in the wall, within which a ~3 cm 

near-spherical 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 

locations along 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 at applicator input and 10 

min treatment duration. Fiber optic temperature sensors were used to provide real-time monitoring 

of the thermal dose within the mock myometrium and power was turned off whenever the 

measured thermal dose at either point reached the safety threshold of 40 CEM43. 

 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 temperatures at the corresponding locations 

(shown in Figure 5.2).  

 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 custom image processing algorithm, 

which is based on k-means algorithm and subsequent significant area selection for de-noising 

purpose. The contours of the segmented ablation zones were overlaid on simulated temperature 

maps. The extent of simulated and experimentally measured 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 sensitivity with respect to position 

 To simplify treatment planning, 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 applicator from the central axis inside the fibroid.  

Table 5.2 Geometric parameters considered for sensitivity analysis. 

Fibroid Diameter 3 cm 1 cm 

Insertion angle  

ϴ [º] 

30, 45, 60 30, 45, 60 

Displacement in X-direction xo [mm] -2 ,0 ,2 -1, 0, 1 

Displacement in Z-direction zo [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 in Table 5.2 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 duration of 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 listed in Table 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 for maximum 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 in cm3.The sensitivity analysis 

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.  

 5.2.5 Scenarios for 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 used for fibroid 

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 compared with the ablation outcomes of bovine 

muscle models for 1 cm and 3 cm diameter fibroids. The ablation outcomes were computed in 

terms of temperature and thermal dose thresholds.  
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 5.3 Results 

 5.3.1 Experimental assessment of model predictions 

 Figure 5.4 shows the simulated and experimentally measured transient temperature profiles 

at the periphery of the mock fibroid during ablation. The points at which 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, one of the 

sensors failed and thus Figure 5.4 includes five rather than the anticipated six temperature profiles. 

 

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. Adjustments to temperature sensor position in simulation 

so as to mimic experimental positions are also displayed.  
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 Figure 5.5(a) illustrates contours of the ablation zone extent observed experimentally as 

well as those predicted by simulation. Also shown is the simulated 40 CEM43 contour.  

      Figure 5.5(b) shows an example photo of discolored tissue representing the experimentally 

observed ablation zone. 

 

Figure 5.5 Comparison of ablations from experiments and simulation. 

(a) Simulated temperature map after 30 W, 10 min ablations (b) Photo of experimental ablation 

zone in a 3 cm mock fibroid. 
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Table 5.3 lists the DSC and surface areas of experimentally observed and simulated ablation zones.  

Table 5.3. Comparison of experimental and simulated ablation zone dimensions following 30 W, 

10 min ablation. 

Margins Surface area 

[mm2]   

DSC  

[-] 

40 CEM43 667.1 - 

240 CEM43 617.2 - 

Experiment 1 508.2  0.83 

Experiment 2 536.5 0.86 

Experiment 3 479.8 0.75 

 

 5.3.2 Sensitivity to applicator positioning 

 Figure 5.6 and Figure 5.7 show the overall sensitivity data for 3 cm fibroid and 1 cm fibroid 

cases respectively, when the ablation procedure satisfied the constraint of no significant thermal 

effect in the surrounding myometrium i.e. when all points in the myometrium received a thermal 

dose less than 40 CEM43. In Figure 5.6(a) and Figure 5.7(a), each point labelled with an asterisk 

represents the percentage of fibroid volume ablated for a specific applicator insertion parameter (x 

offset xo, z offset zo and insertion angle ϴ). Figure 5.6(b) and Figure 5.7(b) depicts the ablation 

durations for corresponding points in Figure 5.6(a) and Figure 5.7(a), respectively; if the ablations 

were continued beyond these durations, the thermal dose accrued in the myometrium would exceed 

40 CEM43.  



126 

 

Figure 5.6 Graphical illustration of the variation in (a) ablation coverage and (b) treatment 

duration with respect to insertion angle, ‘ϴ’, displacement in x-direction, ‘xo’ and displacement in 

z-direction ‘zo’ for 3 cm diameter fibroid when using 35 W input power and restricting the 

myometrium to 40 CEM43. Each asterisk on the plot depicts an output from 1 out of 27 simulation 

cases in sensitivity analysis. The dashed interconnection of points show the trends in the ablation 

outcome and treatment duration with respect to the three input parameters in a 3D space.  
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Figure 5.7 Graphical illustration of variation in (a) ablation coverage and (b) treatment duration 

with respect to insertion angle, ‘ϴ’, displacement in x-direction, ‘xo' and displacement in z-

direction, ‘zo’ for 1 cm diameter fibroid when using 15 W input power and restricting the 

myometrium to 40 CEM43. Each asterisk on the plot depicts an output from 1 out of 18 simulation 

cases in sensitivity analysis. The interconnection of points show the trends in the ablation outcome 

and treatment duration with respect to the three input parameters in a 3D space. 

 

 

 Figure 5.8 illustrates ablation coverage sensitivity in a 3 cm fibroid target with insertion 

angle and lateral displacement with respect to the central axis of fibroid. Figure 5.8(a, b, c) 

demonstrates the variation in % of fibroid ablated if the applicator insertion angle ‘ϴ’ changes 

from 30º-60º. Figure 5.8(d, e, f) displays the variation in the ablation outcome when the applicator 

is displaced (i.e. from xo = 0 to ±2 mm) keeping other two geometric parameters constant.  
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Figure 5.8 Illustration of thermal profiles following 35 W ablation in 3 cm fibroid for varying 

insertion angles, ϴ (a, b, c) and lateral offsets, xo (d, e, f). Thermal profiles are illustrated with red 

contour (ablation threshold = 240 CEM43) and green contour (safety threshold = 40 CEM43) 

inside the fibroid (shown in black contour), myometrium, ‘M’ and the uterine cavity, ‘C’.  
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 Figure 5.9 gives a similar analysis for 1 cm fibroid cases as shown in Figure 5.8. 

 

 

Figure 5.9 Illustration of thermal profiles following 15 W ablation in 1 cm fibroid for varying 

insertion angles, ϴ (a, b, c) and lateral offsets, xo (d, e, f). Thermal profiles are illustrated with red 

contour (ablation threshold = 240 CEM43) and green contour (safety threshold = 40 CEM43) 

inside the fibroid (shown in black contour), myometrium, ‘M’ and the uterine cavity, ‘C’.  
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 Figure 5.10 illustrates variation in ablation zones when the applicator displaces slightly (in 

xo), for 3 cm fibroid case (a, b, c) and 1 cm fibroid case (d, e, f), and when the safety constraints 

were ignored (i.e. if there was no limitation on thermal dose accrued within the myometrium). For 

the simulations shown in Figure 5.10, ablation duration was held to 600 s for the 3 cm fibroid, and 

to 300 s for the 1 cm fibroid.  

 

Figure 5.10 Examples of thermal profiles following ablations where there are no constraints on 

myometrium temperature. 35 W, 600 s ablation in 3 cm fibroid with (a) xo = 0 mm, (b) xo = -2 

mm, (c) xo = 2 mm and 15 W, 300 s in 1 cm fibroid with (d) xo = 0 mm, (e) xo = -1 mm, (f) xo = 1 

mm. Thermal profiles are illustrated with red contour (ablation threshold = 240 CEM43) and green 

contour (safety threshold = 40 CEM43) inside the fibroid (shown in black contour), myometrium, 

‘M’ and the uterine cavity, ‘C’. Also shown are the volumes of myometrium heated above 40 

CEM43.  
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 5.3.3 Sensitivity to tissue dielectric properties  

Figure 5.11 displays the ablation profiles when fibroid dielectric properties are used in the 

computational models in comparison to bovine muscle dielectric properties for 1 cm fibroids. 

 

 

Figure 5.11 Illustration of sensitivity of ablation profiles with respect to changes in dielectric 

properties in 1 cm fibroid with applied power P = 15 W for t = 30 s. The difference in a) ablation 

outcome, b) safety contours, c) radial temperature roll off at h = 0 mm cut-plane, d) radial 

isoeffective thermal dose roll off at h = 0 mm cut-plane, e) radial temperature roll off at h = 2 

mm cut-plane, and f) radial isoeffective thermal dose roll off at h = 2 mm cut-plane. 
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Figure 5.12 displays the ablation profiles when fibroid dielectric properties are used in the 

computational models in comparison to bovine muscle dielectric properties for 3 cm fibroids. 

 

 

Figure 5.12 Illustration of sensitivity of ablation profiles with respect to changes in dielectric 

properties in 3 cm fibroid with applied power P = 35 W for t = 240 s. The difference in a) 

ablation outcome, b) safety contours, c) radial temperature roll off at h = 0 mm cut-plane, d) 

radial isoeffective thermal dose roll off at h = 0 mm cut-plane, e) radial temperature roll off at 

h = 12 mm cut-plane, and f) radial isoeffective thermal dose roll off at h = 12 mm cut-plane. 
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 Table 5.4 enumerates the differences in the ablation outcomes when fibroid dielectric 

properties (lower, mean and upper envelopes) and bovine dielectric properties are employed in the 

computational models. 

 

Table 5.4 Variations in ablation outcomes as a function of tissue dielectric properties. 

Tissue Properties Fibroid diameter = 1 cm 

(P = 15 W, t = 30 s) 

Fibroid diameter = 3 cm 

(P = 35 W, t = 240 s) 

% Volume 

coverage for 

ablation 

 

Transition zone 

(240 CEM43 →  

40 CEM43) 

(cm3) 

% Volume 

coverage 

for ablation 

Transition zone 

(240 CEM43 → 

 40 CEM43) 

(cm3) 

Bovine 27.1 % 0.10 56 % 1.91 

 

 

Fibroid 

Lower 

Envelope 

28.8 % 0.96 57.2 % 1.77 

Mean 

Envelope 

36.8% 0.86 53 % 1.94 

Upper 

Envelope 

44.1% 0.71 51.6 % 1.79 
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 5.4 Discussion 

 In this study, we investigated the relationship between microwave ablation applicator 

position and ablation outcome, considering 1 – 3 cm uterine fibroids, where outcome was assessed 

based on volume of the fibroid heated to ablative temperatures (coverage) while limiting the 

maximum thermal dose accrued in surrounding myometrium to 40 CEM43. The highest coverage 

of 83.6% was achieved when the applicator was inserted at an angle of 𝜃 = 30º, xo = 0 mm and zo= 

+2 mm in a 3 cm fibroid while the lowest coverage of 34.9% was recorded when the applicator 

was placed at an 𝜃 = 60º and linear displacement of xo = – 2 mm and zo = – 2 mm. For 1 cm 

fibroids, the maximum ablation coverage of 67.9% was observed with applicator inserted at 𝜃 = 

30º at the center point of the fibroid with no displacement in x and z directions. Displacing the 

applicator by xo = +1 mm and zo = – 2 mm with an insertion 𝜃 = 60 º yielded lowest ablation 

coverage of 34.1%. 

 As can be seen in Figure 5.6 and Figure 5.7, for both fibroid sizes the ablation time and 

consequently coverage appears to be more sensitive to displacement of applicator than the 

applicator insertion angle. Displacements towards the uterine cavity yield higher ablation 

efficiencies than the displacements in the opposite direction. This may be explained by the fact 

that the applicator shaft is farther from the myometrium boundary, where the rise of temperature 

is therefore delayed which allows more time for the ablation zone to grow within the fibroid before 

the safety threshold is exceeded. Overall, for the power levels investigated in this study, 3 cm 

fibroids could be ablated to coverage levels of 34.9– 83.6% within 140 – 400 s, while 1 cm fibroids 

could be ablated to coverage levels of 34.1– 67.9% within 30 – 50 s. 

 For symptom relief and preservation of fertility of the patient, the main aim is to maximally 

ablate the fibroid without damaging the critical structures around the fibroid. The data illustrated 
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in Figure 5.6 and Figure 5.7 summarize the fraction of the fibroid ablated and ablation duration for 

candidate applicator tip positions and insertion angles. The temperature profiles illustrated in 

Figure 5.8 and Figure 5.9 for 3 cm and 1 cm fibroid cases, respectively, illustrate the treatment 

profiles inside the fibroid with respect to the myometrium and uterine cavity. This representation 

can serve as an aid for the clinicians during procedure treatment planning to visualize how the 

ablation zone and thermal profiles extend within the fibroid and surrounding tissue. Depending 

upon the patient anatomy and fibroid size, location and depth inside the uterus wall, the clinician 

can identify the range of insertion angle and applicator tip positions which yield acceptable 

ablation profiles.  

 Figure 5.10 shows that for both fibroid sizes ablation coverage ~ 90% or higher can be 

achieved when the ablation duration is increased to 10 min for 3 cm fibroid case (a, b, c) and 5 

min for 1 cm fibroid case (d, e, f). In this case, the temperature in myometrium adjacent to the 

fibroid may rise up to 65 ºC (in 3 cm case) and 70 ºC (in 1 cm case) when we allow the maximum 

thermal dose threshold in myometrium to exceed 40 CEM43. Our microwave generator had a limit 

of supplying a maximum of 35 W to the applicator. Higher power levels may facilitate shorter 

ablation times as well as ablation of larger fibroids. 

 Figure 5.11, Figure 5.12, and Table 5.4 shows the variation in ablation profiles as a function 

of dielectric properties. It can be seen in the Figure 5.11, for 1 cm fibroid since the time duration 

for heating is small (30 s), the ablation outcomes are primarily dependent on the SAR profiles 

which are significantly affected by the dielectric properties of the target tissue. The ablation 

coverage achieved while using lower envelope of fibroid dielectric properties are similar to the 

bovine muscle models for both 1 cm and 3 cm fibroid ablations which is supported by the Figure 

3.4 where the dielectric properties of bovine muscle lie closer to the lower envelope of fibroid 

dielectric properties. The volume coverage achieved while using mean and upper envelope of 

fibroid dielectric properties are considerably higher than the lower envelope of fibroid and the 

bovine muscle properties in 1 cm fibroid case.  For 3 cm fibroids, since the duration of heating is 

large, the thermal conduction effects become more prominent. A common set of thermal properties 

for fibroids and bovine muscle were employed in the models, contributing to the ablation outcomes 

in all four cases are not significantly different.  
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Table 5.3 illustrates the validation of the computational model. The observed differences 

between ablation contours from experiments and simulation can be explained by several factors, 

including: 1) errors in location of the sensors vs applicator in experiments, 2) geometric 

inaccuracies in the experimental setup, and 3) bovine muscle structural consistency. Figure 5.4 

indicates the role of the first factor because it states registered offsets between simulation and 

experiments for which almost perfect alignment of temperature curves was achieved. The second 

factor could affect the actual volume of ablated tissue as well as the position of sensors and 

applicator because it deals with the precision of tissue preparation and therefore dimensions of 

mock fibroid and its central access with respect to applicator and sensors. The third factor could 

affect the experimental ablation sizes in direction of muscle fibers which were observed to enhance 

heat transfer in the respective direction.  

 Technologies for hysteroscopy-guided ablation of fibroids via a transcervical approach are 

attractive because of their reduced invasiveness compared to laparoscopic approaches. However, 

a hysteroscopic approach places constraints on the approach angle for advancing the applicator 

into the fibroid. Fibroids in the fundal region can be approached with the applicator almost 

perpendicular to the uterine wall, which may allow for more accurate placement of the applicator 

down the central axis of the fibroid. However, when targeting fibroids on the lateral walls of the 

uterus, the limited range of angles that can be achieved with a rigid hysteroscope may present 

technical limitations with regards to central placement of the applicator. Our simulations indicated 

more medial positioning of the applicator tip (2 mm off-centre) yielded improved ablation 

coverage compared to central or more lateral placement. Ultrasound imaging and electromagnetic 

tracking systems, such as those in clinical use for RFA of fibroids [40] [217], may provide a means 

to guide the operator in confirming suitable positioning of the applicator.  
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 Limitations of this study include the simplified spherical shape assumed for fibroids, and 

the lack of tissue physical properties of fibroids, which were approximated by tissue properties of 

bovine muscle. Furthermore, the variability of tissue properties was not taken into account in this 

study. Computational model predictions of ablation extents and transient temperature at the fibroid 

– myometrium boundary were compared against observations from experiments in ex vivo tissue; 

such comparison of ablation profile and transient temperatures at a few discrete points is an 

established approach for assessing computational models of microwave ablation [165], [218], 

[219]. A more detailed validation of the model including transient temperatures at a wider range 

of points, such as that feasible with MR thermometry [220] would further add to model credibility 

and establish an even broader model validation. Another limitation in our experimental setup was 

the upper power limit of the generator of 35 W which resulted in rather small number of 

investigated power/time combinations where target volume was achieved. Future studies focusing 

on measurement of fibroid electrical and thermal properties and their temperature dependencies 

will enable more detailed and representative modelling of fibroid ablations.  
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 5.5 Conclusion 

 A computational model for simulating microwave ablation of uterine fibroids was 

presented and validated with data from ex vivo experiments for target diameters ranging from 1 to 

3 cm. We have demonstrated the impact of applicator positioning of the ablation applicator inside 

the fibroid on ablation coverage for symptomatic relief, under the constraint of maximum thermal 

preservation of adjacent normal tissue. Moreover, we have shown that the ex vivo bovine muscle 

tissue is a reasonable surrogate for the fibroid ablation in terms of dielectric properties. However, 

further studies are warranted to determine the differences in ablation outcomes due to the thermal, 

mechanical and structural properties of the fibroid and bovine tissues to evaluate the suitability of 

using bovine muscle as a surrogate tissue for evaluating fibroid ablation technologies. 
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Chapter 6 - Conclusion and Future Work 

 Technologies for hysteroscopy-guided ablation of fibroids via a transcervical approach are 

attractive because of their reduced invasiveness compared to other approaches. This dissertation 

demonstrates the technical feasibility of transcervical hysteroscopic 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 tissues.  

 The temperature dependent dielectric properties of uterine fibroid tissues over microwave 

frequency range are reported for the first time in Chapter 3 of this dissertation. Parametric models 

of uterine fibroid dielectric properties are also presented for incorporation within computational 

models of microwave ablation of fibroids. Since fibroids are highly heterogeneous tissues, this 

study could be improved in future to measure the dielectric and thermal properties of fibroids in a 

large tissue sample at the time of excision to eliminate any dehydration effects and include the 

fibroid variability analysis with respect to tissue composition with the pathology reports of the 

tissue samples. The preparation of tissue samples for histopathology analysis could be technically 

challenging as it would limit the amount of tissue sample available for the measurement of tissue 

properties.  

 In Chapter 4, a 5.8 GHz water-cooled monopole MWA applicator has been designed for 

transcervical ablation of 1-3 cm diameter fibroid via hysteroscopy and tested in ex vivo tissues and 

thermos-chromic tissue mimicking gel phantoms. This 2.15 mm diameter applicator incorporates 

a novel design for internal impedance matching, a short monopole (2.5 mm), a balun and dielectric 

loading providing an efficient power transmission to antenna (i.e. |S11| <-10 dB), spherical 

radiation profile and 33% faster radial transition from ablated (55 ºC) to non-ablated zone (43 ºC) 

than the previous applicator designs at 2.45 GHz. Themo-chromic tissue mimicking gel phantoms 
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evaluated in this dissertation can be used for quantitative assessment of the fabricated applicators, 

however for the quantitative assessment more studies are required to characterize the thermal 

properties of the gel at elevated temperatures for validation of simulation results with experimental 

data. These thermo-chromic phantoms could provide a suitable tool for validation of applicator 

performance during translation of medical devices from research labs to industrialized 

manufacturing environments.  

 In Chapter 5, the ablation performance of microwave applicator was evaluated as a function 

of applicator positioning within the target fibroids (1-3 cm diameter) in experimentally validated 

computational models developed for transcervical hysteroscopic microwave ablation of fibroids. 

The applicator performance was assessed in terms of ablation coverage under the constraint of 

maximum thermal preservation of adjacent normal tissue (thermal dose ≤ 40 CEM43). The 

ablation outcome was evaluated with respect to applicator insertion angles, depth and offset from 

the center of the fibroid. Power deposition was stopped when thermal dose of 40 cumulative 

equivalent minutes at 43 °C (CEM43) was accrued in adjacent myometrium. Within the range of 

all evaluated insertion angles (30°, 45°, 60°), depths and offsets from the fibroid center (±2 mm 

for 3 cm fibroid and ±1 mm for 1 cm fibroid) with 35 W and 15 W applied power for 3 cm and 1 

cm fibroids, respectively, the ablation coverage ranged from 34.9 – 83.6% for 3 cm fibroid in 140 

– 400 s and 34.1 – 67.9% for 1 cm fibroid in 30 – 50 s of heating duration. The study suggests that 

the ablation outcome in a hysteroscopic approach is considerably sensitive (requires mm of 

accuracy) to the applicator positioning within the fibroid. Therefore, during a clinical procedure 

ultrasound imaging and electromagnetic tracking systems, such as those in clinical use for RFA of 

fibroids [40] [217], may provide a means to guide the physician in confirming suitable positioning 

of the applicator which yields acceptable ablation profiles inside the fibroid while thermal 
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protecting the surrounding tissues. Future works will include assessment of ablation profiles in ex 

vivo uterine fibroids to evaluate the performance of the MWA applicators and thereafter 

conducting in vivo studies in fibroid patients (who are prescribed with hysterectomy) to assess the 

ablation extents in an actual human fibroid. 

 In this dissertation, the technical feasibility of using 5.8 GHz MWA systems for 

transcervical fibroid ablation has been presented in terms of radial thermal profiles for the 

treatment of small fibroids (< 3 cm) since currently available 2.45 GHz applicator designs are not 

suitable for this application. For the clinical implementation of the technology presented in this 

dissertation, there are potential practical challenges which need to be addressed. Due to the design 

complexity of higher frequency systems, there is limited availability of high power 5.8 GHz 

generators.  In a clinical setting, while delivering power (from the generator to the handheld 

ablation device) via longer transmission cables, there will be more power attenuation at 5.8 GHz 

as compared to lower frequency systems. For RG400 coaxial cable  [221], the attenuation is 36 

dB/100 ft. at 5 GHz as compared to 14.7 dB/100 ft. at 1 GHz and for RG393 coaxial cable [222], 

the attenuation is 21 dB/100 ft. at 5 GHz as compared to 7.5 dB/100 ft. at 1 GHz). The higher 

power attenuation at 5.8 GHz frequency will cause under delivery of required power to the 

applicator for ablations and excessive heating of transmission cable which would lead to both 

performance and safety issues. 
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Appendix A - Parametric Fitting for Fibroid Properties 

We employed a two dimensional function to describe the dielectric properties of uterine fibroid 

tissue as a function of tissue temperature and frequency, similar to previous studies [63], [135].  

Piecewise linear functions used to represent tissue dielectric properties as a function of temperature, 

T, and frequency, f, are listed in equation A1. 

     
𝑏0(𝑓).(𝑇1−𝑇)+𝑏1(𝑓).(𝑇−23) 

(𝑇1−23)
 ,  23 °𝐶 < 𝑇 < 𝑇1, 

    �̂�𝑒,𝑝(𝑓, 𝑇) =              
𝑏1(𝑓).(𝑇2−𝑇)+𝑏2(𝑓).(𝑇1−23) 

(𝑇2−𝑇1)
 ,   𝑇1 < 𝑇 < 𝑇2,               (A1) 

     𝑏2(𝑓),    𝑇2 < 𝑇 < 150 °𝐶, 

Here, �̂�𝑒,𝑝(𝑓, 𝑇) represents the parametrized quantity for the range of observed data values; 

𝑇1 𝑎𝑛𝑑 𝑇2 represent the temperatures between which the dielectric data take on different values. 

To capture the full range of fibroid dielectric data distribution, separate envelopes for the mean, 

maximum and minimum values were generated, denoted as mean, upper and lower envelopes. This 

process was conducted for both relative permittivity and for effective conductivity. 

The fitting coefficients were modeled using the following quadratic functions.  

𝑏0(𝑓) = 𝑏01 . 𝑓2 +  𝑏02 . 𝑓 + 𝑏03 , 

𝑏1(𝑓) = 𝑏11 . 𝑓2 +  𝑏12 . 𝑓 + 𝑏13 , 

𝑏2(𝑓) = 𝑏21 . 𝑓2 +  𝑏22 . 𝑓 + 𝑏23 , 

The fitting coefficients were defined separately for each envelope of fibroid tissue separately for 

relative permittivity,𝜀𝑟, and effective conductivity, σeff, values. Least squares optimization 

technique [63] was employed to estimate the fitting coefficients for the given transition 

temperatures 𝑇1 𝑎𝑛𝑑 𝑇2. 
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Appendix B - Parametric Fitting Coefficients of Fibroids as a 

Function of Thermal Isoeffective Dose (CEM43) 

Table B1 provides the fitting parameters for the parametric distribution of human uterine fibroid 

dielectric data with respect to the thermal dose as illustrated in Figure 3.8. 

 

  

Table B1. Fitting parameters for dielectric properties of fibroids with respect to thermal dose. 

The fitting co-efficient, 𝑏01, 𝑏02, 𝑏03, 𝑏11, 𝑏12, 𝑏13, 𝑏21, 𝑏22, 𝑏23, are defined for the relative 

permittivity, ɛr and effective conductivity, ơeff for the three envelopes (mean, upper and 

lower) separately. In addition, corresponding transition logarithmic thermal doses 𝑇𝐷1 and 

𝑇𝐷2 are also presented.  

Parameters Mean 

Envelope 

Upper 

Envelope 

Lower 

Envelope 

 For 

ɛr 

For 

ơeff 

For 

ɛr 

For 

ơeff 

For 

ɛr 

For 

ơeff 

b01 0.1067 0.0866 0.0803 0.1094 0.2296 0.0870 

b02 -2.4011 0.2914 -1.9200 0.2353 -3.5787 0.2102 

b03 57.552 0.6933 65.423 0.9811 48.799 0.5387 

b11 0.4571 0.0082 0.4591 -0.0093 0.4260 0.0131 

b12 -4.4374 0.2553 -3.9518 0.2745 -4.3187 0.0848 

b13 50.073 1.7368 51.778 2.6133 41.430 1.2501 

b21 0.0649 -0.0048 0.2740 -8.931x10-4 2.487x10-4 -4.1673 x10-4 

b22 -0.7031 0.0674 -2.8765 0.1453 0.0467 0.0018 

b23 6.2797 0.1711 21.791 0.3982 1.2022 0.0539 

𝑇𝐷1 15 21 21 22 16 18 

𝑇𝐷2 24 23 25 23 20 18 
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Appendix C - Fabrication of 5.8 GHz MWA applicator 

 List of Materials 

Sr. 

No 

Materials Details 

1. UT-34 Coaxial Cable Microstock inc. 

https://www.microstock-

inc.com/pdfshow01.php?item=UT-034  

 

2. SMA connector From pasternack SMA (female) jack for UT-034 

3.  Copper Tape From Digikey (3M (TC) 1/2-6-1125) 

4. Silicone Cotronics Duraseal 1533, 

www.cotronics.com/vo/cotr/rm_silicones.htm 

5. Polyimide Tubes American Durafilm 

6. Y adaptor Y Connector with Two Female Luers 

Technical Features:160 inch (4.1 mm) ID 

http://www.qosina.com/y-connector-with-two-

female-luers-11658  

 

7.  Hemostasis valve Qosina part 

8. Thin metal wire 0.1 mm diameter 

9. Solder equipment  

10. Epoxy Jbweld clear weld 

11. PTFE inflow tube Zeus inc. 0.056” etched liner 

 

 

 

https://www.microstock-inc.com/pdfshow01.php?item=UT-034
https://www.microstock-inc.com/pdfshow01.php?item=UT-034
http://www.qosina.com/y-connector-with-two-female-luers-11658
http://www.qosina.com/y-connector-with-two-female-luers-11658
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 Schematics of Applicator 

 

a. Applicator model schematics 

 

b. Applicator fabrication design 

c.  

d. Cross-sectional view of applicator fabrication design illustrating water cooling below 

the balun 
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 Fabrication Procedure 

Sr. 

No 

Procedure Details 

Coaxial Cable and Connector 

At one end of the coaxial cable, SMA connector is placed 

1. Take 20 cm of UT-34 coaxial cable. 

 

 

2. Attach the SMA connector on one end 

of the cable 

• Remove 2mm of outer conductor and 

dielectric. 

• Add the Teflon piece of connector 

into the part of the cable that has been 

stripped. 

• Introduce the cable in one of the pin-

connector tip. 

• Apply solder in the pin-connector 

holes. 

• Be careful and do not solder the edge 

of the pin because you can easily 

create a short circuit.  

• Introduce the pin and the cable to the 

part of the connector with the SMA 

connection and apply solder to the 

outer cable to connector.   

• Apply glue in the holes of the 

connector. 

• With a digital multi-meter check if 

there is any short circuit between the 

pin inside the connector and outer 

conductor.   
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Monopole and Matching Network 

The matching network has to be built inside the coaxial cable. 

3. At the end of the cable which is opposite 

to the connector side, remove 16.5 mm 

(2.5 mm for the monopole and 3+9+2 

mm for the matching network) of outer 

conductor of coaxial cable. 

 

 

4. Remove 5.5 mm of dielectric from the 

distal end of the cable and save it for 

later use. 

5. Now remove 9 mm of dielectric which 

will leave only 2 mm of dielectric on the 

cable. 

6. Coil a 0.1 mm wire around the inner 

conductor of the cable over the 9 mm 

area and solder it uniformly over the 

wire. Check the diameter to be < 0.5 

mm (ideally 0.4 mm ) after soldering 

otherwise use Dremel for smoothing it 

to < 0.5 mm diameter. 

 

 

 

7.  Put 5.5 mm dielectric extracted in step 4 

over the inner conductor. 

 

 

 

8. Put silicone evenly over the 9 mm area. 

And let it dry for about 60 minutes. 

9. Put the Copper tape of thickness 0.15 

mm over the silicone, 3 mm of the 

dielectric and 2 mm on the proximal end 

of the matching network.  

10. Check continuity and insulation of the 

coaxial cable with the digital 
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multimeter. The matching network and 

the monopole are ready. Go to step 27 

for return loss measurement. 

Water cooling (Inflow) 

11. For the inflow channel, put the 

hemostasis valve over the shaft and lock 

it.  

 

 

12. Put the inflow tube (PTFE 

Streamliner/Polyimide tube) of length 

such that the one end of the tube is 1 

mm behind the junction. The second end 

of the inflow tube should end right next 

to the 90 degree inflow section inside 

the hemostasis valve. The internal 

diameter of tube is ~0.056”. 

 

13. At the proximal end of the inflow tube, 

make a 45º cut and slide it into the 

Touhy Boast Adapter (Blue end) such 

that it is not touching the top most part 

which would otherwise clog the flow in 

the hemostasis valve. 

 

14. Put epoxy carefully between the outer 

surface of inflow tube and the 

hemostasis valve. Be careful, not to put 

too much epoxy to avoid clogging. 

Leave it for at least 1 h. to dry. 

 

15. Epoxy the hemostasis valve to the SMA 

connector. Care should be taken not to 

put too much epoxy that it clogs the 

threads of the SMA.  
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Balun 

16. Leave 1 mm from the monopole 

junction and put 7 mm of silicone over 

the copper tape. 

 17. Put copper tape 5.5 mm over the 

silicone. Leave 0.5 mm for the solder at 

the junction point. Solder the copper 

tape at least on 1 point near the junction 

at the outer conductor of Coaxial cable 

such that there is space for the inflow of 

water.   

18. Check the insulation and continuity of 

the cable with digital multi-meter. Go to 

step 27 for return loss measurement. 

 

Water cooling (Outflow) 

19. For the outflow channel, put Y 

connector and lock it with the 

hemostasis valve.  

 

 

 

 

20.  Take a 2.15 mm diameter polyimide 

tube of appropriate length and place it 1 

cm inside the Y connector and cut its 

length 3 mm beyond the monopole (1 

mm space and 2 mm for epoxy).  

21. Epoxy the proximal end of the tube with 

the Y-connector and leave it for at least 

1 hr to dry. 

22. Carefully epoxy the distal end of the 

outer polyimide tube. Place the 

applicator in an upright position with the 

help of clips and stand and carefully put 

a small amount of epoxy with a Q-tip 
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such that the epoxy does not climb to 

the monopole and there should be at 

least 1-1.5 mm gap between the 

monopole and the epoxy. Leave it to dry 

for at least 1 hr. 

Insertion tip 

23. Take a piece of inner conductor wire 

and try to place it with epoxy at the 

distal end of the applicator. Create a 

blob of epoxy and leave it to dry. 

Dremel it after it has been completely 

dried into at 120º angles from three 

sides thus creating a pointed tip of the 

applicator. The other method of creating 

an insertion tip is to use a sharp metal 

tips of a suitable size and epoxy it at the 

distal end of applicator. Please be 

careful that there should be no epoxy in 

front of the monopole.  

 

Checking the water flow 

24. Connect the water circuit (applicator, 

pump, tubing and 500 ml beaker).Check 

and measure the flow rate. 

 

Check the antenna return loss 

25. Calibrate the Vector Network Analyzer 

for S11 measurement (Short, Open and 

Load). 
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26. Put the applicator (already connected 

with water flow) in a 1000 ml water 

beaker. Measure S11 inside the water 

and check if the S11 < -10 dB at 5.8 

GHz frequency.  

 

27. For intermediate checking of S11, 

measure the S11 after step 13 i.e. before 

connecting the water channels. Follow 

step 23 then place the applicator in a 

water beaker and check if the S11 < -10 

dB at 5.8 GHz frequency. Afterwards, 

dry the applicator carefully and proceed 

to the Step 14.  

 

 

The 5.8 GHz water-cooled omnidirectional microwave ablation applicator is ready. 
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Appendix D - Fitting coefficients of Dielectric Properties of Gel 

Phantoms 

Piecewise linear functions are used to model the temperature dependent dielectric properties of the 

thermochromic tissue mimicking gel phantom which are described in the following equations.  

     
𝑏0(𝑓).(𝑇1−𝑇)+𝑏1(𝑓).(𝑇−22) 

(𝑇1−31)
 ,  22 °𝐶 < 𝑇 < 𝑇1, 

    �̂�𝑒,𝑝(𝑓, 𝑇) =              
𝑏1(𝑓).(𝑇2−𝑇)+𝑏2(𝑓).(𝑇1−22) 

(𝑇2−𝑇1)
 ,  𝑇1 < 𝑇 < 𝑇2, 

   𝑏2(𝑓),                𝑇2 < 𝑇 < 120 °𝐶, 

Where �̂�𝑒,𝑝(𝑓, 𝑇) is the parametrized envelop indicating the range of observed data values at 5.8 

GHz. 𝑇1 = 86 °𝐶 𝑎𝑛𝑑 𝑇2 = 96 °𝐶 are the transition temperatures within the heating temperature 

intervals. The frequency dependent fitting coefficients are modelled using the quadratic equations 

as follows.  

𝑏0(𝑓) = 𝑏01 . 𝑓2 +  𝑏02 . 𝑓 + 𝑏03 , 

𝑏1(𝑓) = 𝑏11 . 𝑓2 +  𝑏12 . 𝑓 + 𝑏13 , 

𝑏0(𝑓) = 𝑏21 . 𝑓2 +  𝑏22 . 𝑓 + 𝑏23 , 

Where the fitting coefficients i.e.  

𝑏01, 𝑏02, 𝑏03, 𝑏11, 𝑏12, 𝑏13, 𝑏21, 𝑏22, 𝑏23 for 

mean envelope of gel phantom are defined 

in the table D.1 for the relative permittivity, 

𝜀𝑟, and effective electrical conductivity, σ, 

values. 

 

  

Table D.1. Fitting coefficients for dielectric 

properties of gel phantom.  
Coefficients for 𝜺𝒓 for σ 

b01 0.0353 0.1365 

b02 -1.0755 0.0801 

b03 68.87 1.6407 

b11 0.0848 0.0237 

b12 -0.1469 -0.0817 

b13 43.9679 3.0111 

b21 0.2308 2.857 x 10-4 

b22 -1.4337 -0.0295 

b23 20.776 0.3482 

𝑇1(°𝐶) 87 86 

𝑇2(°𝐶) 97 96 
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Appendix E - Temperature Dependent Properties used in Chapter 5 

Dielectric Properties 

In the study [63], piecewise linear functions are used to model the temperature dependent dielectric 

properties of the tissues which are described in the following equations.  

     
𝑏0(𝑓).(𝑇1−𝑇)+𝑏1(𝑓).(𝑇−31) 

(𝑇1−31)
 ,  31 °𝐶 < 𝑇 < 𝑇1, 

    �̂�𝑒,𝑝(𝑓, 𝑇) =              
𝑏1(𝑓).(𝑇2−𝑇)+𝑏2(𝑓).(𝑇1−31) 

(𝑇2−𝑇1)
 ,  𝑇1 < 𝑇 < 𝑇2, 

   𝑏2(𝑓),                𝑇2 < 𝑇 < 150 °𝐶, 

Where �̂�𝑒,𝑝(𝑓, 𝑇) is the parametrized envelop indicating the range of observed data values at 5.8 

GHz. 𝑇1 = 96 °𝐶 𝑎𝑛𝑑 𝑇2 = 118 °𝐶 are the transition temperatures within the heating temperature 

intervals. The frequency dependent fitting coefficients are modelled using the quadratic equations 

as follows.  

𝑏0(𝑓) = 𝑏01 . 𝑓2 +  𝑏02 . 𝑓 + 𝑏03 , 

𝑏1(𝑓) = 𝑏11 . 𝑓2 +  𝑏12 . 𝑓 + 𝑏13 , 

𝑏0(𝑓) = 𝑏21 . 𝑓2 +  𝑏22 . 𝑓 + 𝑏23 , 

Where the fitting coefficients i.e.  

𝑏01, 𝑏02, 𝑏03, 𝑏11, 𝑏12, 𝑏13, 𝑏21, 𝑏22, 𝑏23 for 

mean envelope of bovine muscle [202] are 

defined in the table E.1 for the relative 

permittivity, 𝜀𝑟, and effective electrical 

conductivity, σ, values. 

  

Table E.1. Fitting coefficients for dielectric 

properties of bovine muscle.  
Coefficients for 𝜺𝒓 for σ 

b01 0.4161 0.0495 

b02 -4.4579 0.3234 

b03 56.5798 0.8783 

b11 0.6746 -0.0141 

b12 -5.9807 0.3283 

b13 41.6728 1.0382 

b21 0.0581 -0.0083 

b22 -0.5843 0.0632 

b23 7.4576 -0.0184 
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Thermal Properties  

In the study [126], the volumetric heat capacity, 𝜌𝑐 is given by the following piecewise linear 

equation.    𝜌0𝑐0 ,                                                     𝑇 ≤  𝑇1 

   𝜌𝑐 =  
𝜌0 𝑐0 + 𝜌𝑣𝑎𝑝 𝑐𝑣𝑎𝑝 

2
+ 𝜌𝑤 𝐿𝐶 

1

𝑇𝑢−𝑇1
 ,      𝑇1 ≤ 𝑇 ≤ 𝑇𝑢 

     𝜌𝑣𝑎𝑝 𝑐𝑣𝑎𝑝 ,                                              𝑇𝑢 < 𝑇  

 Where volumetric heat capacity of normal tissue, 𝜌𝑐 = 4 MJ m-3 °C-1 [151], volumetric 

heat capacity of vaporized tissue, 𝜌𝑣𝑎𝑝 𝑐𝑣𝑎𝑝 = 0.6 MJ m-3 °C-1, density of water , 𝜌𝑤 = 1000 kgm-3, 

latent heat of vaporization, L = 2257x103 Jkg-1 and tissue water fraction, C = 0.73. 𝑇1= 95 °C and 

𝑇𝑢= 105 °C are the transition temperatures for the volumetric heat capacity function.  

The temperature dependence of thermal conductivity k is given by the following piecewise 

continuous function [126]. 

   𝑘(𝑇) =  𝑘0 + ∆𝑘 [𝑇 − 𝑇0],  𝑇 ≤  100 °C, 

     𝑘0 + ∆𝑘 [100 − 𝑇0],  𝑇 >  100 °C, 

Where baseline thermal conductivity for muscle tissue is 𝑘0 = 0.5 W m-1 °C-1 [151], change in 

thermal conductivity w.r.t temperature, ∆𝑘 = 0.003 W m-1 °C-1 and the baseline temperature 𝑇0 =

37 °C.  In the study [126] , the temperature dependence of blood perfusion is such that initially the 

blood perfusion rises due to the body’s homeostatic mechanism and tries to lower the local 

temperature. However, at 𝑇0 = 60 °C due to the collapse of vasculature within the coagulation zone, 

the perfusion stops. The dependence of blood perfusion term is given by the following equation. 

   mbl cbl= mblcbl,            𝑇 <  𝑇0 ,  

      0 ,                    𝑇 ≥  𝑇0 , 

Where mbl is the temperature dependent blood perfusion in fibroid and surrounding myometrium 

= 1.89 kg m-3 s-1 [214] [215] and cbl is the specific heat capacity of blood = 3617 J kg-1 °C -1 [151]. 


