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Abstract
Thermal ablation is an established treatment for tumor. The merging of newly developed imaging
techniques has allowed precise targeting and real-time thermal mapping. This article provides an
overview of the image-guided thermal ablation techniques in the treatment of uterine fibroids.
Background on uterine fibroids, including epidemiology, histology, symptoms, imaging findings and
current treatment options, is first outlined. After describing the principle of magnetic resonance
thermal imaging, we introduce the applications of image-guided thermal therapies, including laser
ablation, radiofrequency ablation, cryotherapy and particularly the newest, magnetic resonance-
guided focused ultrasound surgery, and how they apply to uterine fibroid treatment.

Introduction
Uterine fibroids are the most common benign neoplasm of the uterus. For women of
childbearing age in the United States [1], they are the fifth gynecologic cause, unrelated to
pregnancy, for hospitalizations. There are many treatment options available, and new
approaches are under evaluation. The options range in degree of invasiveness from total uterine
or fibroid removal, such as hysterectomy or myomectomy, to medical management or no
treatment.

Surgery is a longstanding and well established treatment for uterine fibroids; however,
advancements in medical technology have made less invasive treatment options available. One
such option is image-guided thermal ablation, or the destruction of tissue by rapid temperature
change. The development of image-based real-time “MR thermometry” methods, combined
with anatomical imaging allows for a complete “closed loop” system for guided and monitored
therapy. In this article, we outline the principles of various image-guided thermal therapies for
fibroids including laser ablation, radiofrequency ablation (RFA), cryotherapy and focus
particularly on magnetic resonance-guided focused ultrasound surgery (MRgFUS).
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Uterine fibroids
Epidemiology/Histology

Uterine fibroids are benign clonal tumors of the smooth muscle cells [2]. Estimated incidence
by 50 years of age is greater than 80% for black women and nearly 70% for white women
[3]. Pathologically, they are smooth muscle neoplasms with some fibrous connective tissue.
Histologically, they are nonencapsulated but demarcated from surrounding myometrium by a
pseudocapsule of light areolar tissue or compressed myometrial tissue. They are categorized
by their location in the uterus as intramural (entirely or mostly contained within the
myometrium), submucosal (projecting into the endometrial cavity and may also be
pedunculated), or subserosal (projecting outward from the serosal surface of uterus and may
be pedunculated). Uterine fibroids are estrogen dependent and contain estrogen receptors, thus,
they can enlarge during pregnancy or with the use of oral contraceptive pills and shrink after
menopause. Fibroids can be subject to a wide variety of degenerative phenomena, especially
during rapid growth including myxoid, hyaline, cystic, red (hemorrhagic), and fatty
degeneration as well as calcification and necrosis. These all contribute to the complexity and
variability of fibroid imaging appearance.

Symptoms
Approximately 25% of women with uterine fibroid have pelvic pain, menorrhagia,
dysmenorrhagia, dyspareunia, pressure-related symptoms, such as pelvic fullness, and urinary
frequency. They are thought to contribute to infertility and can be associated with early
pregnancy losses and difficulty in maintaining a viable pregnancy. In general, the larger the
fibroids, the more likely they are to be symptomatic; therefore, it is believed that by reducing
fibroid size symptoms may improve [4]. Interestingly this does not always hold; even small
fibroids, such as small submucosal ones that bleed a lot and can be very symptomatic.

Imaging: Ultrasound (US), computed tomography (CT) and magnetic resonance imaging
(MRI)

US is usually the first imaging modality of choice for the detection and diagnosis of fibroids
that typically appear as well-defined hypoechoic masses within the uterine wall. Subserosal
fibroids may cause uterine enlargement and pedunculated ones may simulate an adnexal mass.
Submucosal fibroids may cause distortion of the endometrial stripe. Fibroids are usually
hypoechoic when small but may vary in imaging appearance as they grow and degeneration
leads to further hypoechogenecity. They may contain calcifications or cystic spaces.

Given that CT has relatively poor soft tissue resolution, it plays a limited role in the diagnosis
of uterine fibroids and their differentiation from other uterine pathologies such as adenomyosis
and uterine malignancy. They appear as an enlarged uterus with or without calcifications, a
deformed uterine contour, and uterine masses. CT's advantage in imaging uterine fibroids is
its sensitivity in detecting internal calcification and hemorrhage.

MRI is the optimal imaging modality for diagnosing, characterizing, and localizing uterine
fibroids due to its inherent soft tissue contrast resolution and a multiplanar capacity. A
suggested MRI protocol for imaging and characterizing uterine fibroid is in Table 1. Typically,
fibroids appear as a well-defined uterine mass with, compared to myometrium, a homogenously
low signal on a T2-weighted image that enhances after administration of IV gadolinium (Figure
1). By contrast, hypercellular fibroid, a variation of the uterine fibroid that is composed of
compact smooth muscle cell without intervening collagen, usually shows a high signal intensity
on T2-weighted imaging. That signal intensity represents fluid rich tissues that can enhance
after IV Gadolinium contrast administration (Figure 2). When fibroids undergo a degenerative
process, they may demonstrate a heterogeneous signal on both T1- and T2-weighted imaging
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(Figure 3). Areas of calcification appear with very low signal intensity either clustered or rim-
like. These features are more obvious on gradient echo T1-weighted images (Table 2).

MR is useful, particularly in differentiating pathologies such as adenomyosis, which may be
similar clinically. Adenomyosis is typically an ill-defined myometrial “mass-like” lesion that
manifests as widening of the transitional zone (>12 mm) without a capsule and usually with
small hyperintense T2 spaces. Another entity that may be differentiated from fibroids is the
rare possibility of leiomyosarcoma. However, while the presence of an irregular border and
intrafibroid necrotic area with hemorrhage and variable signal intensity may appear suspicious,
there are no strict imaging criteria to differentiate benign from malignant smooth muscle tumor
so a diagnosis of leiomyosarcoma cannot always be made through imaging [5,6].

Treatment options for symptomatic fibroids
Medical management

Current medical treatment of uterine fibroids mainly involves hormonal manipulation.
Gonadotrophin-releasing hormone (GnRH) analogues have been the most widely used for
temporarily reducing fibroid size by as much as 30% to 60% and decreasing blood flow [7,
8]. Their use may influence the type of surgical approach (e.g. abdominal versus vaginal
hysterectomy) and decrease blood loss during operation [9,10]. Similarly, GnRH antagonists
can be used to induce a “medical menopause”. Compared to GnRH analogues, the onset of
effects of the GnRH antagonists are faster. However, two major limitations are that symptoms
are only controlled temporarily and will recur as soon as treatment is discontinued, and they
are associated with side effects like tiredness, hot flashes, weight gain, and depression, all of
which limit long-term use [2,11].

Surgical treatment
Hysterectomy has always been the ultimate way of resolving all fibroid-associated symptoms.
In fact, the leading reason for hysterectomy in the United States has been uterine fibroids
[12]. Studies of outcomes following hysterectomy indicate high patient satisfaction and
improved quality of life. However, it is a major operation that has mortality rates in the range
of 0.38–1 per 1000, severe complications in 3% of women, and minor in up to 30% women
[13]. Long-term consequences, such as urinary incontinence and early ovarian failure, can
occur or continue years after the operation.

For women with symptomatic fibroids desiring uterine conservation, their primary surgical
treatment is myomectomy, the excision of a fibroid tumor from the uterus through laparoscopic
or hysteroscopic approaches. Today, laparoscopic myomectomy is used frequently for
intramural and subserosal fibroids and hysteroscopic myomectomy is used if the fibroid is
submucosal [14]. Another advance in the field of laparoscopic surgery is the development of
robotic-assisted laparoscopic surgery (RAS). By allowing the surgeon to be seated comfortably
while visualizing the abdominal and pelvic cavities in a three-dimensional view, the procedure
can be more precise and finely tuned than other methods [15]. Much of this experience
incorporated the “da Vinci surgical system” that was approved in April 2005 by the Food and
Drug Administration (FDA) for gynecologic applications [16]. However, due to recurrent
symptoms, about one-fourth of women undergoing myomectomy will require further surgery
[17].

Uterine artery embolization (UAE)
Uterine artery embolization (UAE) was first introduced in 1995 and involves femoral artery
catheterization and intraarterial infusion of embolization particles, producing ischemia of the
fibroid uterus and subsequently decreasing the volume of fibroids [18]. The procedure has
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become widely accepted due to the advantage of its minimal invasiveness. All the large series
comparing embolization with hysterectomy have favored embolization [19–24] in terms of its
efficacy (80–90% symptom improvement for menorrhagia, pain and bulk-related symptoms)
and rate of complications (1–4% major complications) [19-25]. Its major side effect is severe
pain after the procedure [26-29]. Other complications include severe infection leading to
hysterectomy (1.5%) and ovarian failure (5%) [21,28,29]. UAE has no known impact on
fertility or miscarriage rates.

Image-guided thermal therapy
Introduction

Image-guided ablative therapy (IGT), encompassing the expertise in imaging technology and
various tumor ablation techniques, is one of the most rapidly expanding fields in radiology and
medicine. For many surgical procedures, it has been accepted as a less invasive alternative. In
IGT, tumor ablation typically occurs when a clinician introduces it to a rapid thermal change
(> 55°C for heat or < -20∼50°C for cold) [30]. To target the lesion for ablation and assess
treatment response, the clinician uses imaging. Ideally, this imaging technique for guiding
thermal ablation should provide target definition, anatomical information and temperature
feedback. Recent developments in MR thermometry have made it the most reliable method for
real-time temperature monitoring.

Magnetic resonance temperature imaging
The chemical environment and relaxation properties of nuclei are the source of the signal in
MR. MR is also sensitive to Brownian motion and associated molecular tumbling rates; thus,
MRI techniques are intrinsically sensitive to temperature. By choosing correct parameters, MR
thermometry can provide all the requirements for thermal imaging during ablation, including
temperature sensitivity, linearity of temperature effect, adequate spatial and temporal
resolution, with minimal artifact [31-34]. Here we describe the most commonly used MR
thermometry techniques.

The first parameter used for temperature imaging for therapeutic monitoring was the spin-
lattice relaxation time (T1) [35]. The primary mechanism for T1 relaxation for water protons
is the dipole-dipole interaction. T1's temperature dependence is very sensitive to temperature-
dependent Brownian motion, and, thus, T1 increases along with increasing temperature
according to an approximately linear relationship. The method, relatively motion-insensitive,
can be acquired rapidly. However, the parameter is highly tissue-dependent [36], and,
therefore, the homogeneity of target tissue may affect the accuracy of thermal quantization.
For example, as protein denaturation occurs [37], thermal temperature response becomes
nonlinear. Therefore, the T1 method is often only used to qualitatively measure temperature
distribution during the rapid heat deposition ablation process.

Another parameter used for thermal mapping is the diffusion coefficient of the water molecule.
Molecular water mobility due to Brownian motion is quantified by the diffusion coefficient
that is temperature dependent [38], and, thus, can be used to measure temperature in vivo
[39]. Its temperature sensitivity is high, but the acquisition times are too long. Further, it is
extremely sensitive to motion. Another problem with the technique is that various physiological
responses in tissue during the treatment, including edema, ischemia, cellular swelling and
coagulation, can change local diffusion and interfere with temperature measuring.

So far, the proton resonance frequency (PRF) method is the most appropriate parameter for
quantitative temperature monitoring. In this method, hydrogen bonds between local water
molecules bend, stretch, and break as the temperature increases and the decreased net hydrogen
bond strength results as the strength of the covalent bond between the water proton and its
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oxygen increases. That effect better shields the proton from the external magnetic field and
causes a proton resonance frequency (PRF) shift [40,41]. The PRF has an approximately linear
relationship with the change in temperature [42] and, compared to the T1 relaxation time, very
little tissue dependency. It has been shown that, except for adipose tissue, the PRF thermal
coefficient is tissue type-independent and not much affected by tissue coagulation [43,44].
Although its acquisition time is relatively short as compared to the diffusion technique, PRF
is sensitive to motion and to limit errors due to motion, several approaches have been
investigated [45-47].

Laser ablation
The use of lasers for thermal therapy and local tumor necrosis was first described in 1983
[48]. Through a percutaneous approach, a laser fiber tip imbedded in tissue, infrared laser
energy is converted to heat and causes a rise in temperature and eventual coagulative necrosis.
The volume of necrosis created is proportional to the amount of laser power deposited in the
tissue.

The laser ablation of fibroids was first described in 1989 as a procedure performed via the
laparoscopic or endoscopic route [49]. It successfully decreased fibroid volume by 50% to 70%
in symptomatic women via the hysteroscopic (submucosal fibroids) or the laparoscopic route
(subserosal or intramural fibroids). In 1999, Law et al first reported percutaneous treatment of
uterine fibroids by neodymium: yttrium-aluminium-garnet (Nd YAG) laser under MR
guidance [50]. The treatment was monitored by MR thermometry using the T1 method whereby
the operator places the laser tip accurately into the target fibroid to enable MR thermal
monitoring with real-time feedback on temperature change and treatment area delineation. The
loss of the T1 signal associated with temperature rise was converted into a color image that
turned from blue to green as the temperature reached 55°C and irreversible tissue damage began
to occur. In the mid-term follow-up series study [51], the reduction in mean fibroid volume
was 31% at 3 months follow-up, and 41% at the one year follow-up.

Cryotherapy
Cryoablation is the thermal ablation method that causes cell death by rapid freezing followed
by rapid thawing [52]. The temperature change causes cell membrane rupture and cellular
dehydration as well as vascular stasis and thrombosis that lead to local tissue ischemia. The
temperature must be lower than -20∼50°C to completely destroy tissue. The cryoablation
methods are based on the Joule-Thomson effect [53] so that by rapid expanding high-pressure
argon gas within a cryoprobe a very low temperature results to create an ice ball. The computer-
controlled gas distribution system also allows active thaw by helium gas.

Cryoablation for the uterine fibroid was initially introduced using either laparoscopic or
hysteroscopic access [54-56]. In 2001, Sewell et al first reported its use for uterine fibroids
with MR guidance [57]. Under MR imaging, the cryo lesion is very well visualized with a
sharp very low SI on both T1- and T2-weighted imaging so the ice ball can be clearly delineated
[58-61]. By monitoring the developing size of the ice ball and its relationship to the tumor, the
clinician can control the process. Post-procedure complications include fever and abscess
[62]. Prophylactic antibiotics administration is recommended. Follow-up studies showed
variable results with volume reduction of fibroids ranging from 31% to about 80% [63,64].

Radiofrequency ablation (RFA)
Ablation of solid tumors with radiofrequency energy results from heating that is produced when
ions follow the oscillations of a high-frequency alternating electric field [65]. The heat causes
coagulation necrosis of local tissue. For more than 20 years, RFA has been accepted as a
minimally invasive procedure for the local control of various malignant tumors. It was first
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used in 2005 in the management of uterine fibroids via a surgical laparoscopic approach [66,
67] and subsequently with US guidance [68-70]. A large area of necrosis (up to 6 cm in
diameter) can be achieved in a single access with RFA, and, therefore, compared to cryotherapy
it is relatively time efficient. However, due to the incompatibility of RFA to MR [71], the
currently used image guiding modalities for RFA are US or CT that, while good for lesion
targeting, are unable to provide accurate temperature monitoring. The real ablation area could
not be seen during the treatment, and thermal mapping is now possible. More recently, efforts
to allow RF delivery under MR guidance have been made [72-74], although these are primarily
used for liver ablations.

MR-guided focused US
Historical and technical development of MRgFUS

Focused US (FUS) is the therapeutic use of US waves to induce focal thermal effects, ablation,
or thermocoagulation in vivo. The therapeutic use of FUS dates back to 1942 when Lynn et al
first used it in the liver [75]. In the 1950s, the Fry brothers developed a complex FUS sonication
system that used X-rays to determine the target location with respect to skull bones [76,77].
More recently, a combination of diagnostic US guidance and therapeutic high intensity focused
US (HIFU) made soft tissue targeting and sonication possible. HIFU has been used extensively
in different organs and diseases [78,79].

The acceptance of this ablation method in clinical practice, however, has been slow, particularly
in the United States. One major factor in this delay is the inability using HIFU to clearly
visualize the target lesion and monitor its ablation. This inability is overcome by the exciting
development in the 1990s of MR-guided focused US surgery (MRgFUS). The initial device
used a single element transducer in a high field MR magnet, to ablate focal tumors of rabbit
muscle [80,81]. These experiments demonstrated the feasibility of using the focused US device
within a MRI scanner, and more importantly, visualizing the focal heating and detecting the
resulting tissue damage. Since the initial studies, substantial work has been done on developing
MRI-compatible phased arrays and a driving system to increase the focal heating volume and
steer the US beam. All components are designed to perform within the MR suite with a custom
designed table.

As the technical and engineering research advanced, a new field of MR thermometry research
and development began. The critical steps of testing and validating the MRI-based temperature
methods have demonstrated the accuracy of the current methods. Using MR thermometry, it
is possible to localize the focal spot and to monitor the ablated zone in real time.

The ExAblate 2000 (InSightec Inc., Haifa, Israel) is the first MRgFUS device approved by the
FDA in 2004 for fibroid treatments. This device houses all of the electronics and the phased
array transducer in a sealed water bath enclosed in a custom-built patient scanner table that
docks to a 1.5T MR magnet (GEHC) (Figure 4). The ExAblate 2000 has been tested extensively
in clinical trials for the treatment of uterine fibroids. Since then, the device has been adapted
to allow treatment of other lesions such as the palliation of bone metastases, currently in clinical
trials. This device has already been demonstrated for the treatment of breast fibroadenomas,
breast cancer, and trials for brain tumor treatment and for liver diseases.

MRgFUS of uterine fibroids
Patient assessment and selection for MRgFUS

Patients with symptomatic fibroids referred for MRgFUS treatment should, as all patients,
undergo a thorough clinical assessment evaluation, including history, physical exam (special
attention to scar on the lower abdominal wall is important), and assessment of her clinical
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symptoms. The latter can be objectively performed using a validated symptom severity
questionnaire, a useful tool for establishing a baseline and for monitoring treatment response.

All women should also be screened for MR compatibility, as those who have contraindications
to an MR examination, which include a cardiac pacemaker implantation, metallic implants
such as Berry aneurysm clips, incompatible with MR, severe claustrophobia and pregnancy,
are not eligible. The current FDA labeling indicates that the device should be limited to
treatment of fibroids in women who are “family complete”.

As part of the initial evaluation, done at the time of the pre-treatment MRI, the woman should
be able to lie prone on the MR table for about three hours and communicate sensation during
the procedure. This is important to ensure a safe procedure. Scarring of the lower abdominal
wall may disrupt the passage of the US waves through the skin and cause the US beam to
become unfocused. If left unchecked, skin heating and burning can occur. Thus all prior
surgeries, especially pelvic ones, must be visualized and documented.

At our hospital, all suitable subjects complete the symptom severity score (SSS) of Uterine
Fibroid Symptoms and Quality of Life (UFS-QOL) Questionnaire [82], the only validated
instrument for assessing symptoms specific for quality of life due to uterine fibroids. The SSS
part is a 100-point scale composed of eight questions, assessing symptoms related to bleeding
and bulk or volume-related complaints. The score is significantly higher in women with
symptomatic fibroids who have a mean of 40, while normal women score approximately 20.
These are objective measurements for pre-procedure evaluation and post-procedure
monitoring.

Pre-procedure MRI
All eligible candidates for MRgFUS undergo a pre-procedure pelvic MR following a routine
protocol using multiplanar T1- and T2- weighted imaging before and after IV gadolinium
injection. This is best performed with the patient lying prone so that the images will closely
resemble those on the day of treatment. This situation also gives the patient an opportunity to
experience the prone treatment position before actually being scheduled for the procedure.

The MR is used to confirm the diagnosis of fibroids, rule out adenomyosis, and assess the
fibroid number, size, location, tissue character and enhancement characteristics.

The imaging findings that need to be evaluated in pre-procedure MR and beam path planning
are outlined in Table 3. Using the T2 images, the size of each fibroid is measured in three
dimensions. Fibroids either too small (< 3 cm) or large (> 10 cm) are not suitable for treatment
due to the inability to either target them or achieve enough necrosis. For large fibroids, pre-
treatment with GnRH agonists allows shrinkage that shortens treatment times (Figure 5).
Overall, by reducing vascularity, energy deposition can be potentiated. Thus, GnRH agonist
treatment prior to MRgFUS will increase efficacy [10,83].

Procedure planning
There are several important issues to assess on the MR images. When preparing for MRgFUS,
the path of US waves as they pass through tissue must be evaluated. If the target fibroid is too
deep, the US may not penetrate deep enough. The upper limit is considered to be 12 cm from
the anterior abdominal wall. If the fibroid is too close to the sacrum, the heating of the sacral
bone may lead to sciatic nerve injury. It is best to limit the sonications to at least 4 cm from
the sacral bone. All intervening or adjacent organs (bowel loops and urinary bladder) in the
treatment path as well as the abdominal scar should be avoided.

Shen et al. Page 7

Semin Ultrasound CT MR. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The MR can determine the tissue composition and character of fibroids to allow for prediction
of treatment response. As Lenard et al have shown the best candidate fibroids are those we call
“classical”; these are low signal on all pulse sequences and enhance homogenously with IV
contrast [84]. Alternatively, the hypercellular ones, which have highly vascularized and fluid-
rich tissue with high signal on T2-weighted images, are difficult to treat and therapeutic doses
with normal FUS parameters may not be possible (Figure 6). They are associated with poor
treatment effect and high failure rate [85-88]. However, if this is anticipated, treatment can be
successful by adjusting factors such as increasing power. Also, if the fibroid is already
degenerated and has a large necrotic area, MRgFUS is unlikely to improve symptoms.
Additionally, an anterior calcification in the fibroids will cause interference with US
propagation; therefore, it is a contraindication to treatment.

In summary, the ideal patient with fibroids for MRgFUS treatment is one with a fibroid located
anteriorly, between 5 to 10 cm, and with a uniform low signal intensity on T2-weighted
imaging, no intervening organ in the treatment pathway, and good perfusion without
degeneration. To then ensure a successful treatment and high patient satisfaction, clinicians
must effectively screen all candidates for treatment.

The MRgFUS procedure
Pre-procedure preparation

The procedure is performed with IV sedation, requiring the patient to fast the night before. The
patients' abdomen will be cleaned and shaved from the umbilicus to 1 cm below the pubic bone.

The procedure is an outpatient one in an MR suite. On arrival, a nurse and MD assess the
patient. An IV line is placed and urinary catheter will be positioned in the bladder to keep it
empty during the course of the treatment. Conscious sedation, usually involving titrated doses
of Fentanyl and Midazolam, along with monitoring of heart rate and pO2, will be maintained
for alleviating anxiety and relieving pain. The patient remains responsive through the whole
procedure.

Treatment planning
Treatment is performed prone with the skin coupled to the FUS transducer with degassed water.
Prior to the procedure, multiplanar T2-weighted images are acquired of the fibroid and uterus
along with surrounding organs and abdominal wall. These images are then transferred to the
ExAblate planning program. The region of treatment is manually drawn and defined within
the capsule of the fibroid. The target volume is analyzed with superimposed US beam paths in
all three planes (Figure 7). By angling the beam path (Figures 7 and 8), the target can be
accessed optimally and avoid unwanted heating. When intervening bowel loops lie in beneath
the abdominal wall, they can usually be displaced with external pressure using large gel pads
or by distending the bladder (Figure 8).

Procedure
The procedure begins with the delivery of low-power sonication (50–100 W) to the center of
the fibroid, with real-time thermometry acquired simultaneously through the PRF shift method.
The resultant images provide feedback on sonication location to reconfirm targeting accuracy.
Subsequent, sonications will be performed at a therapeutic power level to confirm thermometry
(Figure 6). Energy delivered will be gradually increased until a therapeutic thermal dose is
achieved to coagulate the entire volume of tissue at temperatures over 60° C. Between each
sonication, adequate cooling time should be ensured to avoid thermal build-up and cause
damage to normal tissues. The procedure continues with delivery of all planned sonications.
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During the treatment, to ensure no complications occur, continuous communication with the
patient is very important.

Typically the whole procedure (room time) takes 3-4 hours. Criteria to terminate the procedure
early include the inability to visualize the focal treatment spot, patient complaints of
unacceptable pain, and/or targeting difficulties due to patient motion or other reasons. After
all sonications, the last step of the procedure is to assess the treatment effect by Gadolinium
contrast-enhanced T1-weighted images. The resulting tissue necrosis appears as an area of non-
enhancement in the fibroid (Figure 9). Before discharge, the MD examines the patient, looking
at the skin surface for any possible heat-induced changes. The patient can be discharged home,
on the same day usually 1-2 hours after the procedure, to be cared for by a responsible adult.

Summary of the literature
The initial phase I/II trial of the ExAblate 2000 device was conducted to evaluate the safety
and feasibility of the new treatment. For this trial, premenopausal women with symptomatic
fibroids (as defined by the SSS) were recruited. In this phase, they were all planning
hysterectomy for their fibroids. The treatment protocol was limited to 100 mL of fibroid tissue,
a 15 mm safety margin from both the serosal surface and the endometrium of the uterus, and
2 hours of sonication. As planned, a subsequent hysterectomy was performed within one month,
allowing for direct pathological correlations.

Tempany et al reported the initial results of this trial, showing the safety and feasibility of the
MRgFUS for treating uterine fibroids [89]. Through pathological correlation, the investigators
demonstrated that MRgFUS could successfully cause thermal coagulation and necrosis in
uterine fibroids. Most patients tolerated the procedure well without serious post- procedure
consequence. After correlating the MR-treated volume and histological necrotic area, the
pathologically documented necrosis was, interestingly, greater than the treatment volume
[90]. Although there is no definite explanation, the coagulation of multiple blood vessels may
be responsible for the phenomenon.

Subsequently, multicenter phase III clinical trials were carried out to evaluate the effectiveness
and durability of the treatment. In this phase, after MRgFUS treatment, patients did not receive
any additional forms of therapy. Enrollment criteria included, again, symptomatic fibroids and
now they had to have no desire for further pregnancy or be “family complete”. The patients
were followed and the outcome was assessed according to change in patient symptomatology
as documented by the UFS-QOL Questionnaire scores at 6, 12, and now 24 months afterward
and fibroid volume on MRI.

In the first short-term follow-up study by Hindley et al [91] in which 109 patients were
recruited, 79.3% of treated women reported a significant improvement in their uterine fibroid
symptoms. The mean reduction in fibroid volume at 6 months was 13.5%. In the study by
Stewart, 71% of patients undergoing MRgFUS reached the targeted symptom reduction at 6
months, and 51% reached this point at 12 months [92]. Under the treatment with restriction
protocol, on average, only less than 10% of the fibroid volume was sonicated. However, the
result of treatment effect despite this very small volume was very encouraging. The results
showed that, even with small volume reduction, symptom resolution can be achieved. This
suggested that many of the symptoms were not related to the “bulk” or large size of the fibroids.

However there is no doubt reducing volume does indeed reduce symptoms. An important lesson
from subsequent clinical trials is that the greater the treatment volume, the better the response
achieved. After the safety of MRgFUS treatment was demonstrated, the FDA broadened the
treatment guideline in 2004 to allow a treatment volume of 150 mL per fibroid with no
restriction on the distance from the endometrium. Fennessy et al first analyzed the effect of the
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different protocol on treatment results [93] and found that the relaxed treatment protocol
resulted in a greater nonperfused volume, with 25.79% achieved versus the 16.65% of the
restricted protocol (P<.001). For those treated with the restricted protocol, results of clinical
follow-up showed that 74% of patients at 6 months, and 73% at 12 months had a greater than
10-point improvement in symptom score. In those treated, according to the relaxed protocol,
88% reported a 10-point or greater symptom improvement at 6 months, and 91% had significant
symptom improvement at 12 months. The results proved that the less restrictive treatment
protocol resulted in a larger treatment volume and better symptom improvement and durability.
That conclusion was reconfirmed by looking into the subgroup of patients treated with the
relaxed treatment protocol. Further analysis using a cut point of the 20% nonperfused volume
ratio demonstrated that the nonperfused volume ratio had a very significant effect on the
symptom severity score [94]. Compared to the low nonperfused volume ratio group, the high
nonperfused volume ratio group had an average improvement of 6 points on the symptom
severity score. Beyond 3 months, the high nonperfused volume ratio group maintained this
improvement and had a slight increment of improvement that remained significant for up to
24 months.

Currently, MRgFUS has been broadly accepted as an option for the treatment of uterine
fibroids. So far, more than 4000 patients have been treated with MRgFUS worldwide, with
more than 3000 performed in routine clinical practice. In the recent reports of commercial
treatment, with proper selection of patient population, the treatment volume is often more than
50%. The report of Mikami et al [86] showed the mean percent of nonperfused volume ratio
in the 6-month follow-up was 47%±13%. Similarly, in the report by Morita et al [95], the mean
percent of nonperfused volume ratio was 60% immediately upon completion of MRgFUS
treatment, with the fibroids shrinking by about 39% at 6 months.

In summary, according to clinical outcomes studied so far, MRgFUS as an outpatient-based
treatment is technically feasible, reproducible, and significantly reduces symptoms in more
than 75% of women treated with fibroids. The rate of side effects is generally low. Transient
adverse effects include mild skin burn, nausea, short-term buttock or leg pain, and transient
sciatic nerve palsy [85-94]. Only one case of severe skin burn has been reported [96]. Another
ongoing evaluation of the clinical application of MRgFUS is its impact on fertility. Rabinovici
et al have reported on safe and successful outcomes of pregnancies after MRgFUS [97]. A new
clinical trial is underway to evaluate the efficacy and safety of MRgFUS for the enhancement
of fertility in women with uterine fibroids who are diagnosed with unexplained infertility
[98-99].

Technical improvement
Strategies have been developed to increase the treatment volume and decrease treatment time.
One of them is to use the so-called “interleave mode”. By redefining the sonication order by
minimizing overlap between sonications, less heat absorption in the pass zone can be achieved,
and cooling time can be reduced to 22 seconds. Another effort is enhanced sonication. Different
from the continuous power transmission that lasts about 20 seconds to gradually heat at the
focus of the nominal sonications, the enhanced sonications are comprised of high power bursts
followed by a period of no power. The high power generates microbubbles that cause energy
reflection and greater energy absorption at the spot location. Therefore, although the total
energy is the same, the volume of tissue ablated per individual sonication is much greater. Thus
the treatment spot can be enlarged to allow for larger treatment volumes in shorter time periods.
To determine the reliability and efficacy of enhanced sonication, a clinical trial have recently
begun.
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Technology assessment
Given the various treatment options for uterine fibroids, what is the relative position of
MRgFUS in terms of long term outcome and cost? Like all new health care techniques,
MRgFUS should be evaluated with respect to its ability to improve the patient's outcome and
quality of life, and with regard to direct and indirect costs. General guidelines for technology
assessment require careful review of all of the peer-reviewed literature and the scientific body
of work.

Feasibility studies have proven the safety and efficacy of MRgFUS, an accomplishment that
led to approval by the FDA. Multicenter clinical trials in large centers across the world have
documented MRgFUS' efficacy in symptom reduction and resolution and its very low rate of
side effects or adverse events. However, does the technology improve the net health outcome
as much as, or more than, established alternatives? There has been no randomized controlled
trials to date which have compared MRgFUS to other alternative treatment options of uterine
fibroids. Decision modeling, providing a concise framework to quantify costs and outcomes,
has been performed to estimate the cost effectiveness of MRgFUS in comparison to uterine
artery embolization, myomectomy and hysterectomy [100]. This study concluded that a
treatment strategy starting with MRgFUS was likely to be cost-effective. Thus as the data and
published reports expand, it appears that MRgFUS will provide an excellent treatment option
in appropriate women.

In summary, MRgFUS is still in evolution. Its potential applications are still being explored.
Taking the great heterogeneity of technical access and availability in the real world into
account, MRgFUS will likely be the single “best” treatment method in selected women. When
approaching how to best treat uterine fibroids, a customized treatment strategy for each patient
is still needed.
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Figure 1.
Classic uterine fibroid. On T2 weighted sagittal MR imaging, uterine fibroid (arrows) shows
characteristic homogenously low signal intensity.
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Figure 2.
Hypercellular uterine fibroid. (A) On T2 weighted coronal MR imaging, the hypercellular
fibroid (arrows) shows high signal intensity as compared to the other characteristic fibroids
(F). (B) After IV Gadolinium contrast administration, it shows homogeneous enhancement.
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Figure 3.
Degenerated fibroid, pretreatment screening MRI. The fibroid (stars in A, B and C) shows low
signal intensity on T2 weighted imaging (A) and high intensity on T1 weighted imaging (B).
(C) After IV Gadolinium contrast administration, it shows no enhancement.
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Figure 4.
Overview of ExAblate 2000 device (InSightec Inc., Haifa, Israel). (A) treatment diagram of
MRgFUS. The patient lies in a prone position on the treatment table that contains the transducer.
The table is docked to the MR scanner. (B) sagittal MR image prior to treatment. F: fibroid,
T: transducer. (Color version of figure is available online.)
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Figure 5.
MR imaging of GnRH agonist effect. T2 weighted imaging of a large uterine fibroid, before
(A) and three months after (B) treatment with GnRH agonist. The size of the fibroid is
decreased, and the signal intensity has become homogeneously low after management.
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Figure 6.
Challenging treatment of hypercellular fibroid and thermal damage outside of the fibroid. (A)
On T2 weighted imaging, the hyperintensity of the target lesion (star) indicates that its
hypercellular nature requires more energy to ablate it. (B) During treatment, low-level heating
is visible in the muscle and skin (arrows) in the thermometry using the proton resonant
frequency (PRF) shift technique. Heating is not observed in the fat because the PRF of lipids
is not temperature-sensitive. (C) In the contrast-enhanced T1 weighted image performed
immediately after treatment, enhancement at skin, subcutaneous fat, and muscle in front of the
fibroid in the ultrasound beam path are noted (arrows), indicating thermal damage. This
heating, along with skin pain, limited the maximum energy that could be employed and reduced
the success of the treatment, which is evident by the sub-optimal non-perfuse region
(arrowheads). This was asymptomatic and these changes in the fat are no longer visible in the
MR after six months.
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Figure 7.
Three-dimensional treatment planning for MRgFUS ablation of a uterine fibroid. On different
planes of T2 weighted imaging, the operator defines the target locations and chooses the
ultrasound parameters for locations and shape of the target lesion. (A) The ultrasound beam
was angled to change the beam angle on the sacrum (S) and (C) the spacing between targets
was found to be sparsely packed. (B) The axial plane shows the beam passage and planned
sonications. For each location, the operator checks the ultrasound beam path (superimposed
here in red) to ensure that it does not pass through any critical structures, such as bowel loops
or scars. S: sacrum. (Color version of figure is available online.)
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Figure 8.
Challenging treatment planning scenarios. (A) Left: In this patient, bowel loops are in front of
the fibroid (arrows), thus initially reducing the size of the acoustic window (box). Right: To
move these loops aside, a larger gel pad is placed below the abdomen (star), allowing access
to most of the fibroid. (B) Left: In another patient, even with this larger gel pad, bowel loops
are still in front of the fibroid (arrows), thus severely limiting the acoustic window (box). Right:
To displace the loops further, normal saline is instilled into the urinary bladder via a Foley
catheter, displacing the bowel loops superiorly and creating a wider acoustic window. (C) Left:
The third patient has a scar directly in front of the fibroid (circle). Right: By tilting the
ultrasound beam, the scar can be avoided. (Color version of figure is available online.)
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Figure 9.
Treatment effect in MR image. (A) On pretreatment T2-weighted coronal imaging, the uterine
fibroids show homogenously low signal intensity. (B) Before treatment, the fibroids show
homogeneous enhancement after IV contrast administration. (C) After treatment, the contrast
enhanced T1 weighted images revealed no enhancement in the fibroids, indicating complete
necrosis. F: target fibroids.
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Table 1

Suggested MRI protocol for imaging and characterization of fibroids

sequence plane slice thickness/interval (mm) field of View (cm)

3 plane locator (single shot fast
spine echo)

axial, coronal, sagittal 5, 0 30-36

T2 weighted fast spin-echo axial, coronal, sagittal 4-5, 1-2 20-25
T1 weighted fat-suppressed
spoiled gradient-echo

axial 4-5, 1-2 20-25

contrast-enhanced T1-weighted
three-dimensional fat-suppressed
spoiled gradient-echo

axial, coronal, sagittal 20-25
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Table 2

The MR findings of fibroids

fibroid type signal intensity on T1-
weighted imaging

signal intensity on T2-
weighted imaging

contrast enhancement pattern

classic low low homogeneous
cellular low high homogeneously strong
red (hemorrhagic) degeneration high low none
necrotic degeneration high variable none
cystic degeneration high low none
myxoid degeneration High low minimal
hyaline degeneration variable low none
lipoleiomyoma high mixed mixed
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Table 3

The imaging findings need to be evaluated in the pre procedure MR and beam path planning

findings treatment limitation recommendation

size too small (without dominant one) poor treatment effect
too large (> 10 cm) poor treatment effect consider GnRH agonist treatment before

MRgFUS
location Too posterior (>12 cm from the center of the

fibroid to abdominal wall or <4 cm to
sacrum)

limited US wave penetration, heating
of sacrum and cause sciatic nerve
injury

Submucosal or subserosal (especially
pedunculated)

consider endoscopic treatment

acoustic window abdominal scar may deviate US wave and cause skin
burn

angle the ultrasound beam to avoid
passing through

intervening visceral organ (bladder or bowel)visceral organ damage angle the ultrasound beam, displace the
bowel with larger gel pad or by distending
urinary bladder

fibroid character degeneration (non-perfusion) poor treatment effect
hypercellular poor treatment effect
calcification may interfere US propagation
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