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UTeRIne FIBRoIds

Uterine fibroids are the most common benign gynecological neoplasms composed predomi-
nantly of smooth muscle cells (figure 1).(1)  Uterine fibroids occur in about 70% of women, 
develop during reproductive life and usually regress after menopause.(2) Many women 
are asymptomatic, but approximately 25% of the women experiences clinically relevant 
symptoms.(3) Fibroid-related symptoms may be diverse and include pelvic pain or pres-
sure, abnormal uterine bleeding (dysmenorrhea and/or menorrhagia), urinary frequency, 
dyspareunia and infertility or pregnancy-related or obstetric complications.(4) Uterine 
fibroids may lead to complications such as anemia due to excessive menstrual bleeding. The 
number of patients with infertility due to uterine fibroids is rapidly growing as women on 
average delay childbearing to later in life.(5) Most fibroid-related symptoms occur during 
the menstrual period, end in menopause and thus are self-limiting. Therefore, expectant 
management is acceptable when symptoms are bearable. Nevertheless, symptomatic uterine 
fibroids can cause significant morbidity as well as significant decrements in quality of life.(6) 
In those women, uterine fibroids cause symptoms that warrant treatment. To assess symptom 
severity and the impact on the health-related quality of life, a disease-specific questionnaire 
(the Uterine Fibroid Symptom and Quality of Life (UFS-QOL)) has been developed for 
women with symptomatic uterine fibroids.(6) When treatment is required, the appropriate 
form of treatment is dependent on the presenting symptoms, fibroid’s size, number, location 
and characteristics, and a woman’s age.(7) Initially, pharmacological therapy is often applied 

Figure 1: Example of an intramural uterine fibroid located in the uterus.
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to achieve symptomatic control, but this is not always sufficient or can result in significant 
side-effects. In addition, an increasing number of women want to avoid or discontinue 
hormone therapy, because of fear of other (unproven) risks of various other diseases. When 
symptomatic control is not achieved with drug therapy or when a patient prefers another 
treatment option, surgical intervention is the main medical treatment. The traditional surgi-
cal intervention is a hysterectomy by means of a laparoscopy, laparotomy or transvaginal 
approach. A myomectomy is generally reserved for women who desire a future pregnancy. 
Nowadays many women wish to avoid invasive surgery or desire uterine preservation.(8,9) 
For those women less invasive uterine-sparing treatment options are available such as uterine 
artery embolization (UAE) and Magnetic Resonance image guided High Intensity Focused 
Ultrasound (MR-HIFU).(10) MR-HIFU is the only completely non-invasive intervention 
which has the benefits of a very low morbidity and a fast recovery.(7)

MR-HIFU TeCHnIqUe

MR-HIFU therapy is an image-guided thermal ablation technique (figure 2). Thermal tissue 
ablation using High-Intensity Focused Ultrasound (HIFU) was first published in the early 
forties’ as a potential surgical intervention. Lynn et al. discovered when focusing ultrasonic 
waves deep in tissue, the focal area could be ablated without harming the tissue in the near or 

Basic concepts Treatment methods

49

Sonalleve MR-

Uterus
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MR scanner

4
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Focused ultrasound waves

Figure 2: The basic principles of MR-HIFU therapy. The patient must be lying in prone position on 
the MRI table to achieve a free acoustic window. The fibroid is located above the ultrasound transducer 
and focused ultrasound waves converge into a focal point located inside the targeted uterine fibroid.
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far field and the structures surrounding the focal area.(11) High-intensity ultrasound waves 
are produced by the transducer and converge into a predetermined focal point. The absorp-
tion of acoustic energy by the targeted fibroid tissue leads to local temperature increase.
(12) Upon exceeding a lethal thermal dose, coagulative necrosis and apoptotic cell death 
occur.(13) The tissue outside the targeted volume remains unaffected, because outside the 
focal area, the ultrasound intensity is too low to lead to tissue heating. The act of delivering 
energy to the tissue by means of such ultrasound waves is also called a sonication. A single 
sonication typically generates a rather small tissue lesion; the focal point dimensions of a 
spherically shaped transducer can be as small as half of the ultrasound wavelength which is 
1 mm for the device used in this thesis. Thus, multiple sonications are required to ablate the 
fibroid completely.
The MRI guided HIFU concept (MR-HIFU) was developed in the 80’s by Hynynen et al. 
MR-HIFU combines the therapeutic HIFU transducer with image guidance, using Mag-
netic Resonance Imaging (MRI).(14) The use of MRI enables precise treatment planning 
in any orientation (figure 3). Periprocedural MRI guidance provides real-time anatomical 
monitoring and temperature mapping (figure 4).(13)
Immediately after the MR-HIFU treatment, a contrast enhanced MRI (CE-MRI) is used to 
assess the treatment result. The ablated fibroid tissue is demonstrated by a non-enhancing 
region (figure 5), this is called the non-perfused volume (NPV). The NPV% which is the 
NPV divided by the fibroid volume is often used to measure treatment success.(15)

Figure 3: Example of a treatment cell planning showing the sagittal, coronal and axial plane. All the 
yellow treatment cells have been sonicated and the green treatment cell is the one currently selected for 
therapy. To ensure safety before sonicating, the operator should check for any critical structures in the 
beam pathway (light yellow lines) that could be at risk.
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Figure 4: Example of a temperature map during a sonication on the Sonalleve V1. The upper two 
images show the coronal and sagittal slices through the treatment cell and are primarily used to moni-
tor the temperature of the targeted uterine fibroid tissue, but also provide information about the sur-
rounding structures. The lower two images are used specifically to monitor the temperature in the near 
field (left lower image) and the far field (right lower image).

Figure 5: Example of the Non-Perfused Volume immediately post-HIFU on three-dimensional T1-
weighted images.
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HIsToRy oF MR-HIFU FIBRoId aBlaTIon

The first clinical feasibility study of MR-HIFU therapy of uterine fibroids was published 
in 2003.(16) Early clinical studies reported that MR-HIFU alleviated fibroid-related 
symptoms in most patients, but a high re-intervention rate was reported which increased 
over time.(17,18) Therefore, the long-term effectiveness of MR-HIFU fibroid ablation is 
doubted. Importantly, when MR-HIFU was first implemented into clinical use, restrictive 
guidelines were followed for safety measures.(19) Before 2004, the degree of fibroid ablation 
was limited to 33% or 100mL, safety margins of 15mm between the outer border of the 
uterine fibroid and the endometrium as well as the serosal surface had to be respected (figure 
6). It was not allowed to treat multiple fibroids or to perform second MR-HIFU procedures 
and the treatment time had to be less than two hours. After this was proven to be safe, 
the guidelines were modified in 2004 so that 50% of the fibroid volume or 150mL could 
be ablated within three hours and repeat MR-HIFU sessions were allowed, safety margins 
were revised so only a 10mm margin between the uterine fibroid and the serosa had to be 
preserved (figure 6).

A comparison between these two treatment protocols showed a greater improvement in 
fibroid-related symptoms (a 10 points or greater decreased symptom severity in 91% of 

 

33% 

Safety margins Uterine Fibroid  Maximum NPV% 

50% 

< 2004 > 2004 

Figure 6: The differences between the two consecutive restricted treatment protocols. Before 2004, the 
safety margin was 15 mm and it was not allowed to ablate more than 33%. After 2004, MR-HIFU 
fibroid ablation was still limited, only 50% of uterine fibroid tissue could be ablated and safety margins 
of 10 mm had to be respected.
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the patients compared to 73%) and fewer additional treatments (28% versus 37%) during 
follow-up when the less restricted, modified treatment protocol was used.(15)
In 2009, the restrictive guidelines were revised, and complete fibroid ablation could be 
pursued. These modifications in treatment protocol led to better treatment outcomes result-
ing in greater NPV% with more symptom relief (93% improved >10 points on the tSSS 
compared to baseline) and a lower retreatment rate (12.7% at 19.4 months follow-up).
(20,21)
In addition to the revised treatment guidelines, technological advances have led to newly 
developed MR-HIFU devices. The software was designed more user-friendly and was up-
graded to achieve higher accuracy in predicting the ablated volume during the treatment 
and to allow for more ablation precision by including more variation in the sonication cell 
sizes.(22) Improved transducers allowed for greater ablation depth and thus making it easier 
to completely ablate relatively large fibroids.(23) Implementation of cooling systems for 
cooling of tissue in the near field area reduced the risk for skin burns and decreased required 
cooling time in between sonications.(24) Altogether, the technological improvements have 
contributed to the safety of the MR-HIFU treatment and increased ablation rates.(25)

MR-HIFU lIMITaTIons

Although the reputation of MR-HIFU might suffer from the results of early clinical trials 
using restrictive treatment protocols, more recently published studies still report varying 
clinical outcomes.(26,27) This can be explained by the fact that there are several factors 
influencing the treatment success of MR-HIFU fibroid ablation therapy.(28)
First of all, not all patients are eligible for MR-HIFU treatment. Proper patient selection 
is very important and suitability is assessed based on patient characteristics and a screening 
MRI examination. Hitherto, there is no general consensus on the screening protocol for 
patient selection and eligibility criteria for the MR-HIFU treatment are based on the local 
preferences of the HIFU treatment center. Exclusion criteria can be divided into two groups, 
patient characteristics such as MRI contra-indications or obesity and fibroid characteristics 
such as size, number and location of the fibroids (the distance to the HIFU transducer). 
Fibroid characteristics must be assessed by MR screening. Funaki et al reported that the ef-
fectiveness of MR-HIFU was related to the vascularity of the fibroid as determined by MRI.
(29) They divided fibroids into three subtypes based on their appearance on T2-weighted 
MR (figure 7). Funaki type 3 fibroids with a very high signal intensity on the T2-weighted 
images are generally excluded. The Funaki classification is the most commonly used because 
of its simplicity but can be inaccurate in predicting a patients’ eligibility.
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Secondly, the learning curve effect substantially influences treatment results.(30) Initially, 
physicians will treat more conservatively and gaining experience with a new device takes 
time. The HIFU team and treating radiologist need to be experienced and should be per-
forming treatments frequently in order to achieve optimal treatment results.
Lastly, the interference of small bowel loops or other structures in the beam pathway on 
the day of the treatment could leave a large part of the fibroid untreated. Implementation 
of bowel-interference mitigation strategies can reduce the screening and treatment failure 
rate due to bowel interference and increase treatment success.(31) Different techniques 
are described to displace the bowel to avoid injury, such as Bladder filling, Rectal filling 
and Bladder emptying (BRB) technique (figure 8) or the use of a degassed water balloon.
(32,33) Although it has been proven that bowel-mitigation strategies are effective, there are 
no national or international MR-HIFU treatment guidelines developed and not all HIFU 
centers have implemented these techniques. This has led to a difference in treatment strategy 
and results between treatment sites.

ReMaInIng CHallenges

MR-HIFU therapy has been a promising new treatment option for uterine fibroids for years, 
but despite the above-mentioned technological improvements, there are still some technical 
limitations.
As outlined above, careful patient selection remains a key problem for the clinical success 
of MR-HIFU. Even in experienced MR-HIFU centers, patient selection remains a difficult 
process. Currently, there is no optimal screening tool available. The inclusion of ineligible 
fibroids, that seemed suitable for MR-HIFU therapy based on the screening MRI, leads to 
partially ablated fibroids with a higher risk at a re-intervention.(15,21)

Figure 7: Example of the Funaki classification based on T2-weighted imaging: the left image repre-
sents a Funaki type 1 fibroid (signal intensity lower than muscle), the middle image shows a Funaki 
type 2 fibroid (signal intensity higher than muscle but lower than myometrium), the right image 
demonstrates a Funaki type 3 fibroid (signal intensity higher than myometrium).
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Figure 8: Example of applied manipulation techniques to achieve an acoustic window. The left im-
age shows the screening MRI with a fibroid easily accessible for MR-HIFU therapy. The middle im-
age shows the T2-weigthed planning image acquired immediately before the MR-HIFU procedure. 
Contrary to the screening MR, interposed bowel loops are present and must be displaced in order to 
proceed with the treatment. The right image shows the manipulation result, after the bladder is filled 
with saline solution and the rectum is filled with ultrasound gel, the fibroid has been moved anteriorly 
and it is now feasible and safe to continue with the MR-HIFU treatment. 

Apart from the fibroid characteristics, other treatment conditions can also be unpredictable. 
Contrary to a hysterectomy, a MR-HIFU treatment session might not be successful due 
to various causes. Treatment failures can be caused by interposed bowel loops in the beam 
pathway unresponsive to mitigation strategies or by inaccessible uterine fibroids. These 
interposed bowel-loops might not be present on the screening MR images which makes it 
difficult to predict a treatment failure. Consequently, not every MR-HIFU treatment of an 
eligible patient leads to a good treatment result.
Another important limitation of MR-HIFU is the long treatment duration. Nowadays, the 
treatment usually costs three hours of MR time and a dedicated MR-HIFU team. One 
reason for this is that the NPV can only be visualized after completion of the MR-HIFU 
procedure, so the treating physician is not able to monitor the NPV during the procedure. 
This not only leads to partially ablated fibroids, but sometimes also leads to the ablation 
of fibroid tissue that was already devascularized. In these treatments, potentially hours of 
treatment time could be saved if a reliable method would exist to monitor treatment efficacy 
during the procedure. The long procedure time is one of the most important ongoing chal-
lenges and it may be difficult to treat multiple patients successfully on the same day. This is a 
disadvantage compared to other less invasive treatment options for uterine fibroids.
This thesis focuses on solving these remaining limitations and improving treatment out-
come, primarily the NPV% which is the technical parameter of treatment success. Up 
to now, treating physician defines treatment success as a high NPV% post-HIFU. 
However, treatment success anno 2020 should be defined from the patients’ perspec-

20
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tives. Innovations such as MR-HIFU therapy must improve value for patients. According 
to the Value-Based Health care (VBHC) approach value is defined as the health outcomes 
that matter to patients relative to the costs of achieving them.(34) Assessments of outcomes 
after MR-HIFU focus on biomarkers such as the NPV rather than patient-reported 
outcomes (PROMs) reflecting quality of life and social participation after treatment and 
patient-reported experience (PREMs) with the treatment. Currently, there is no consensus 
among the HIFU community on how to report outcomes in MR-HIFU trials and there 
are no standardized outcomes available for uterine fibroid interventions. Thus, it remains 
unclear how to assess outcomes or how to measure value effectively in women undergoing 
medical intervention for uterine fibroids. This hampers comparisons of the cost-effectiveness 
of MR-HIFU with other treatment modalities, subsequently slowing the introduction of 
MR-HIFU into clinical use.

IMPleMenTaTIon oF MR-HIFU

In June 2016 we started performing MR-HIFU treatments of uterine fibroids at our general 
teaching hospital, Isala, Zwolle. The screening MRI protocol was implemented in 2015 to 
select patients for MR-HIFU therapy and the staff received specific MR-HIFU training 
from Philips employees. There were no longer restrictions about the maximum ablation 
volume, so the radiologists could aim for complete fibroid ablation. Our main goal was 
to achieve successful implementation of MR-HIFU therapy for uterine fibroids in our 
non-academic hospital. Given this ambition, we hypothesized that the remaining challenges 
currently hamper the potential impact of MR-HIFU therapy for uterine fibroids and must 
be solved in order to achieve clinical implementation of MR-HIFU. Therefore, our purpose 
was to evaluate treatment effectiveness, to optimize patient selection and to improve treat-
ment efficacy. These three issues are addressed in this thesis.

THesIs oUTlIne

In this thesis, to evaluate the effectiveness and improve the treatment efficacy of MR-HIFU 
fibroid ablation, we have conducted clinical studies which included a total of 171 screened 
patients and 73 MR-HIFU treatments were performed.

Part I – long-Term effectiveness
In part I, the (long-term) treatment outcomes needed to be reevaluated since MR-HIFU 
may suffer from the early clinical trials with restrictive protocols, so (literature) studies 
should be conducted excluding these trials.
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Research questions:
• To assess the effectiveness of MR-HIFU fibroid ablation only including treatment protocols

that aim for complete ablation.
• To evaluate the long-term outcomes after MR-HIFU therapy when aiming for complete

fibroid ablation.

Chapter 2: MR-HIFU is proven to be effective in alleviating fibroid-related 
symptoms, but a relatively high re-intervention rate has been reported. This could be 
related to the use of restrictive treatment protocols when MR-HIFU was initially 
implemented into clinical use. These restrictive guidelines limited the treatment time and 
amount of the fibroid tissue that was allowed to ablate. The use of these restrictive 
treatment protocols resulted in low NPV ratios. It has been established that a low NPV% 
increases the risk at a re-intervention after MR-HIFU therapy. However, these restrictive 
treatment protocols are no longer in clinical use. Therefore, the effectiveness of MR-
HIFU treatment for uterine fibroids needed reevaluation.

Chapter 3: Since 2010 fibroids have been treated with Magnetic Resonance-High 
Intensity Focused Ultrasound (MR-HIFU) at the UMC Utrecht within a research setting. 
To date, there is no reimbursement, because insurance companies are questioning 
treatment (cost)ef-fectiveness, especially the long-term re-intervention rate and long-term 
data is scarce. In the Focused Ultrasound Myoma Outcome Study (FUMOS) we assessed 
the long-term efficacy of MR-HIFU fibroid ablation.

Part II – Patient selection
In part II, we studied biological characteristics of uterine fibroids on quantitative MRI in 
order to find more discriminative imaging parameters which might be useful to optimize the 
patient selection for MR-HIFU therapy.

Research question:
• To investigate various biological characteristics of uterine fibroids on quantitative MRI.

Chapter 4: Not all uterine fibroids are suitable for MR-HIFU therapy because 
different types of uterine fibroids react differently on thermal ablation. To assess the 
suitability of MR-HIFU therapy for individual patients, pre-treatment MRI examination 
is performed but currently there is no perfect imaging classifier available to determine 
patients’ eligibility. The Funaki classification is the most commonly used screening tool, 
but is not always accurate in estimating treatment outcome thereby hampering the 
potential impact of MR HIFU fibroid ablation. Therefore, biological characteristics (e.g. 
blood volume and interstitial fluid) of uterine fibroids were evaluated by multiparametric 
MRI.

22
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Part III – Treatment efficacy
In part III, we investigated how the treatment efficacy of MR-HIFU treatment could be 
improved to shorten the treatment time, to decrease the treatment failure rate and increase 
the NPV%.

Research questions:
• To assess the effect of the 3-step modified manipulation protocol on the eligibility percentage

and treatment failure rate.
• To evaluate DWI scans for monitoring of the NPV during MR-HIFU therapy.

Chapter 5: The clinical applicability of MR-HIFU therapy is often limited due to 
interposed structures or inaccessible fibroids. Manipulation techniques have been widely 
implemented such as the Bladder filling, Rectal filling and Bladder emptying (BRB) 
maneuver. These manipulation techniques reduce the risk at treatment failures, but 
still a relatively high percentage of treatment failures is reported. To eliminate the issue of 
inaccessible fibroids, a new 3-step modified manipulation protocol was developed in our 
center. We studied the effect on our eligibility percentage and treatment failure rate.

Chapter 6: Currently, contrast-enhanced MRI is necessary to visualize the ablated region 
within the uterine fibroid. Due to safety measures, HIFU sonications are not allowed after 
the administration of a contrast agent, therefore the ablated fibroid volume can only be visu-
alized post-treatment. The treatment efficacy of MR-HIFU would be increased if the ablated 
volume can be monitored during the procedure. In this study, we explore the feasibility of 
DWI to monitor the NPV during MR-HIFU therapy without using a contrast agent.
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AbsTRAcT

objectives
Reevaluation of the effectiveness of Magnetic Resonance-High Intensity Focused Ultrasound 
(MR-HIFU) therapy for uterine fibroids by excluding studies with restrictive treatment 
protocols that are no longer used.

Methods
The National Guideline Clearinghouse, Cochrane Library, TRIP, MEDLINE, EMBASE 
and WHO International Clinical Trials Registry Platform (ICTRP) databases were searched 
from inception until the 22nd of June 2018. Keywords included “MR-HIFU”, “MRgFUS”, 
and “Leiomyoma”. Only studies about MR-HIFU treatment of uterine fibroids with at least 
three months of clinical follow-up were evaluated for inclusion. Treatments with ultrasound-
guided HIFU devices or protocols not aiming for complete ablation were eliminated. The 
primary outcome was the improvement in fibroid-related symptoms. Technical outcomes 
included screening and treatment failures, treatment time, application of bowel-interference 
mitigation strategies and the Non-Perfused Volume (NPV) percentage. Other secondary 
outcomes were the quality of life, fibroid shrinkage, safety, re-interventions, reproductive 
outcomes, and costs. Meta-analysis was performed using a random-effects model (DerSimo-
nian and Laird).

Results
A total of 18 articles (1323 treated patients) met the inclusion criteria. All selected studies 
were case series except for one cross-over trial. Overall, the quality of the evidence was poor to 
moderate. The mean NPV% directly post-treatment was 68.1%. The use of bowel-interference 
mitigation strategies may lead to increased NPV%. The mean symptom reduction at 12-months 
was 59.9% and fibroid shrinkage was 37.7%. The number of adverse events was low (8.7%), 
stratification showed a difference between HIFU systems. The re-intervention percentage at 
3-33.6 months follow-up ranged from 0-21%. Longer follow-up was associated with a higher 
risk at re-interventions. Reproductive outcomes and costs couldn’t be analyzed.

Conclusions
Treatment guidelines aiming for complete ablation enhanced the effectiveness of MR-HIFU 
therapy. However, controlled trials should define the role of MR-HIFU in the management 
of uterine fibroids.

Keywords
Systematic review, Uterine Fibroids, MR Guided Interventional Procedures, High-Intensity 
Focused Ultrasound Ablation
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InTRodUCTIon

Background uterine fibroids
Uterine fibroids are common benign gynecological tumors which develop from uterine 
smooth muscle cells. The cumulative incidence during the reproductive period ranges 
from 70-80% depending on the patient’s ethnicity.(1) Many women are asymptomatic, 
but in approximately 25% uterine fibroids cause clinically relevant symptoms.(2) Main 
symptoms include pelvic pain, dysmenorrhea, menorrhagia, urinary frequency, dyspareunia 
and subfertility. Pharmacological agents are effective in alleviating symptoms, but adequate 
control may not be achieved, or significant side-effects occur. Overall, a high percentage of 
patients will eventually require intervention. Uterine fibroids are still the leading indication 
for a hysterectomy worldwide.(3)(4) Myomectomy is the therapy of choice for women who 
want to conceive. However, surgical approaches are associated with a high rate of short- and 
long-term morbidity, require a hospital stay and weeks to recover. Other minimally-invasive 
uterine-sparing treatment options are available including uterine artery embolization (UAE), 
hysteroscopic resection and Magnetic Resonance-High Intensity Focused Ultrasound (MR-
HIFU). MR-HIFU is the only entirely non-invasive intervention and has several proven 
advantages such as a lower morbidity, less complications, no general anesthesia and shorter 
recovery time.(5)

MR-HIFU technique
MR-HIFU is a thermal ablation technique and enables non-invasive treatment of uterine 
fibroids by selective tissue heating.(6) The ultrasound transducer produces convergent 
high-intensity ultrasound waves. The targeted tissue absorbs the acoustic energy leading 
to a temperature rise which causes coagulative necrosis and apoptotic cell death.(6) Mag-
netic Resonance Imaging (MRI) facilitates treatment planning and real-time monitoring by 
temperature mapping.(7) Directly post MR-HIFU, a contrast enhanced MRI can visualize 
the ablated tissue, referred to as the non-perfused volume (NPV). Treatment result can be 
expressed as the NPV% which is the NPV divided by the fibroid volume. During MR-
HIFU therapy, interference of bowel loops in the beam pathway could lead to treatment 
failure or untreated parts of the fibroid. Different mitigation strategies are developed to 
displace bowel loop. The BRB technique, which includes sequential applications of urinary 
bladder filling, rectal filling and urinary bladder emptying, is the most common technique. 
Three MR-HIFU devices are currently in clinical use. The ExAblate system (InSightec, 
Haifa, Israel) employs the conventional ‘point-by-point’ ablation technique. The Sonalleve 
system (Profound Medical Inc., Toronto, Canada) uses a volumetric ablation technology. 
The Chongqing system (Chongqing Haifu Technology, Chongqing, China) combines the 
‘point-by-point’ treatment strategy with shot-sonication.
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Background MR-HIFU
Since 2004, MR-HIFU treatment of uterine fibroids has been approved by the United States 
Food and Drug Administration (FDA). Initially, restricted protocols had to be used for 
safety reasons. However, over time it became clear that therapeutic outcomes are closely 
related to the NPV%.(8)(9) Partially ablated fibroids tend to regrow, which may explain 
the relatively high re-intervention percentage reported in studies using a restricted protocol.
(10)(11) Moreover, MR-HIFU treatment proved to be safe even when complete ablation 
was pursued.(12) The FDA guidelines were modified in 2009, allowing operators to aim for 
complete ablation which has led improved outcomes in more recent studies.(8)(13) Although 
this might also be partially explained by increased experience of the HIFU centers with the 
technique.(13) Furthermore, the safety guidelines were modified for women with symptom-
atic uterine fibroids and a desire for future fertility since uncomplicated pregnancies were 
reported after MR-HIFU therapy. Still, not all patients are eligible for MR-HIFU treatment. 
Exclusion criteria can be based on patient characteristics (BMI and MRI contraindications) 
or fibroid characteristics assessed by MR screening.  Fibroids with a high T2 signal intensity 
are difficult to treat and therefore these fibroids, Funaki type 3, are generally excluded.(14)

Rationale
To date, several reviews were published on the effectiveness of MR-HIFU treatment for 
uterine fibroids. Overall, they showed that MR-HIFU is effective in alleviating symptoms, 
but a relatively high re-intervention percentage is reported.(15-17) However, these reviews 
included studies using restrictive treatment protocols that are no longer in clinical use which 
affected the results.

objectives
The purpose was to reassess the effectiveness of MR-HIFU on reducing fibroid-related 
symptoms using treatment protocols aiming for complete ablation only. We also investigated 
the technical success measured by the post-treatment NPV% and treatment failures. Ad-
ditionally, we evaluated the disease specific quality of life, the re-intervention percentage, 
safety, fertility, costs and fibroid shrinkage.

MeTHods

In this review, we adhered to the standard guidelines of Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA).(18) The review was registered at the 
International Prospective Register of Systematic Reviews (PROSPERO) with registration 
number CRD42018100467.
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eligibility criteria
Studies about MR-HIFU treatment of women with clinically symptomatic uterine fibroids 
were evaluated for inclusion. Treatment protocols not aiming for complete ablation (except 
for a safety margin of five mm from the serosal surface) or ultrasound guided HIFU devices 
were excluded.
Randomized controlled trials (RCT), prospective or retrospective non-randomized studies 
and cross-over trials with at least three months of follow-up were evaluated for inclusion. 
Animal studies, case reports and ongoing trials were eliminated as well as studies not re-
porting on our primary outcome or NPV%.  Gonadotropin-releasing hormone (GnRH) 
analogues prior to MR-HIFU were allowed.

data search
We searched the following databases on the 22nd of June in 2018 (Appendix): National 
Guideline Clearinghouse, Cochrane Library, TRIPP, MEDLINE/PubMed, WHO Inter-
national Clinical Trials Registry Platform (ICTRP) and Embase. Duplicate publications 
were detected by a reference manager (RefWorks) and removed. Two authors (IV and KA) 
independently completed the initial title and abstract screening for all six databases. Full 
texts were retrieved when studies possibly met our inclusion criteria. Reference lists of all 
retrieved full-text articles were manually searched to identify other relevant studies for full 
text screening.

data extraction
The same two authors independently extracted data from all eligible studies. Data were 
collected in a summary of findings table containing (a) study characteristics: authors, year 
of publication, study design, MR-HIFU system, sample size, follow-up duration; (b) treat-
ment parameters: NPV%, patient’s eligibility percentage, the number of technical failures, 
the use of bowel-interference mitigation techniques, sonication time; (c) primary outcome: 
reduction of fibroid-related symptoms preferably assessed by the validated disease-specific 
Uterine Fibroid Symptom and Quality of Life Questionnaire (UFS-QoL) (19); (d) second-
ary outcomes: Health-Related Quality of Life (HRQL) also assessed by the UFS-QoL ques-
tionnaire, fibroid shrinkage based on follow-up MR imaging,  occurrence of any (serious) 
adverse events related to the MR-HIFU procedure, re-intervention percentage, evaluation of 
reproductive outcomes (fertility, pregnancy or obstetrical outcomes) and costs.

The NPV% was calculated by the formula (20)(21)(22):
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This UFS-QoL questionnaire includes eight questions about symptom severity and 29 
HRQL questions.(19) All items were scored on a 5-point Likert scale. Subscale scores were 
transformed to a scale of 0-100 by the following formula:

Higher transformed Symptom Severity Score (tSSS) indicates greater symptom severity. 
Higher transformed HRQL (tHRQL) score is indicative of a better HRQL. Adverse events 
(AE) were categorized according to the Society of Interventional Radiology clinical practice 
guidelines.(23) Minor adverse events were defined as skin burns, vaginal bleeding or abnor-
mal discharge, cystitis, urinary retention, constitutional symptoms, nerve damage or pain 
longer than seven days. The re-intervention percentage was defined as patients undergoing 
an additional intervention due to fibroid-related symptoms (second MR-HIFU, hysterec-
tomy, myomectomy or UAE).
Any disagreements were resolved by discussion or by consulting a third author. When 
multiple publications were available of one clinical trial, the most recent publication was 
used as the reference and additional details were derived from secondary papers. If outcomes 
were missing, we attempted to contact the corresponding authors by sending an email with 
request for additional data. If there was no response after seven days, a second email was sent.

quality of evidence and risk of bias
Level of evidence of all articles was assessed independently by two authors (IV and KA) 
according to the Oxford Centre for Evidence-based Medicine (OCEBM) guidelines.(24) 
The quality of case series was assessed by an 18-criteria tool developed through a Delphi 
technique.(25) A score of 14-points or more indicated good quality. Discrepancies were 
identified and resolved through discussion. Where agreement couldn’t be reached, a third 
author was consulted.

data synthesis
The results of meta-analyses were presented in the form of tables and graphs.  For continuous 
data using the same scale (e.g. difference in fibroid volume) the change from baseline (%) was 
reported. To combine data from eligible studies a random-effects model (DerSimonian and 
Laird) was used.(26) If the results showed statistical heterogeneity (I2), we tried to explain 
the differences by stratification. We considered an I² value of greater than 50% indicative of 
substantial heterogeneity.
Outcomes were stratified by MR-HIFU device, the use of bowel-interference mitigation 
strategies and duration of follow-up: short-term (3-months), mid-term (4-6 months) and 
long-term (12-months or more). Explorative meta-regression was performed for all primary 
and secondary outcomes.
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Missing data
Missing standard deviations were imputed by the arithmetic mean of all available standard 
deviations in the same category, unless reported otherwise. Sensitivity analyses were per-
formed by comparison with point estimates when excluding studies with missing standard 
deviations.(27)
Regarding change scores, the correlation coefficient was imputed by 0.5, unless reported 
otherwise.(27) The imputed correlation coefficients were used to calculate the SD of change 
scores using the following formula:

When the SD of the change score was present (one study) correlation coefficient was calcu-
lated using the following formula:

software
Meta-analyses were performed using Comprehensive Meta-Analysis (calculations) and Open 
Meta-Analyst (figures and calculations).(28)

ResUlTs

literature search
The search revealed 568 potentially relevant studies (appendix 1). After duplicates and 
textbooks were excluded 387 abstracts were screened and revealed 92 potentially relevant 
articles. By inspecting reference lists of these articles, no additional articles were identified. 
During full text screening, 55 studies appeared not to meet our inclusion criteria and 19 
reviews were excluded. A total of 18 articles were finally selected (figure 1).(20-22,29-43) 
These 18 articles included 16 different clinical trials. One study reported results of an ex-
tended patient population and one study published their results at two different time points.

study characteristics
We composed a summary of findings table of all included studies (table 1). The studies 
mostly applied similar inclusion criteria: age above 18 years old, a pre-or perimenopausal 
state and exclusion criteria: contraindications to MRI with gadolinium or pregnant patients. 
Nine studies excluded fibroids larger than 10-12 cm or uterine size larger than 20-24 weeks 
of gestational age.(20,30,33-35,41,42) Another frequently reported exclusion criterion 
were Funaki type 3 fibroids (high T2W signal on MRI).(22,29,30,35,37,41) Only four 
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studies, including the two oldest studies, excluded patients with a desire for future fertility.
(21,29,34,38) Three studies demanded a minimum tSSS at baseline of 41-points (33,34) 
or 21-points.(38) Smart et al. studied the effect of GnRH agonists prior to MR-HIFU.
(38) Jeong et al evaluated the effectiveness of MR-HIFU in patients with concomitant 
adenomyosis.(35)

data extraction
From all studies included, we retrieved the tSSS except from Morita et al who reported 
subjective relief of symptoms instead of the tSSS.(21) Therefore, we excluded this study from 
this part of the meta-analysis. Furthermore, the tSSS scores of Funaki type 3 patients could 
not be evaluated as reported by Funaki et al, thus these patients were not included in our data 
extraction.(20) Jeong et al reported that patients were not followed longer than 3 months if 
they experienced sufficient symptom relief, so only outcomes until 3-months were analyzed.
(35) Two authors were contacted for additional data. Unfortunately, we received no response.

Figure 1: Flow chart shows summary of the literature review process.
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quality of the evidence
All included studies were case series, except for one cross-over trial (34) of which only the 
first phase was included in our analysis. The level of evidence for all included studies was IV 
according to OCEBM levels of evidence. The quality of the evidence ranged from 9 – 16 
points using the 18-criteria tool (25), indicating substantial differences in quality between 
the included studies. Only 6 of the 18 studies were of acceptable quality.(29,34,36-38,40) 
Furthermore, the included studies poorly reported the different statistical parameters and 
thus, standard deviations often had to be estimated. However, excluding studies with im-
puted standard deviations for all different outcome parameters indicated that estimates were 
reasonably robust for standard deviation imputation.

Technical parameters

Screening and treatment failures
The number of screening and treatment failures were not reported in all studies. Eligibil-
ity percentage was reported by five studies (29)(37)(39)(41)(43) with a mean percentage 
of 42.0% and a screening failure percentage of 58.0%.  Mean technical failure percentage 
was 3.5% based on seven studies.(29,31,32,36,37,40,43) There was a slight decrease in the 
number of technical failures in the extended patient cohorts.(31,32,36,40)

Bowel-interference mitigation strategies
Six trials stated that they used bowel-interference mitigation strategies if necessary.(22,35-
37,40,42,43) Seven trials explicitly said not to use mitigation techniques.(20,21,30-34,38) 
In the other three studies it was unclear.(29,39,41)

Treatment time
Sonication time was reported by 10 studies with a mean of 145,6 minutes.(20,30,34-
38,40,42,43) The shortest sonication time was reported by the study using the Chongqing 
system.(42) More recent studies reported shorter treatment times and the average treatment 
time decreased in the extended patient cohorts.(36,40)

NPV%
The point estimate (95% CI) of NPV% was 68.1% (59.9% – 76.0%) with I2 of 99.5%. The 
I2 of 99.5% indicates substantial heterogeneity, which could not be explained by stratification 
or meta-regression. One borderline difference between no mitigation (adjusted mean 58.9) 
and mitigation (adjusted mean 78.7) was found by meta-regression (p = 0.016), suggesting 
that the use of bowel-interference mitigation strategies results in a higher NPV% (figure 2).



A systematic review and meta-analysis of MR-HIFU fibroid ablation

41

symptom improvement
Baseline scores of tSSS were 46.1 (33.7 – 58.4) on 3-months, 56.1 (50.0 – 62.2) on 
6-months and 53.6 (41.8 – 65.5) on 12-months follow-up, respectively. The combined 
estimates of the change percentages in the 3-month, 6-month and 12-month category 
showed symptom reduction following MR-HIFU treatment (decreased tSSS score; figure 
3). The I²’s indicate substantial heterogeneity in the 3-months and 6-months category. In 
the 12-months category the I2 was 75.35%. Explorative meta-regression analysis showed no 
association between NPV% and tSSS decrease. Similarly, there was no association between 
tSSS and fibroid shrinkage. Only Morita et al did not report the tSSS, but asked patients 
about symptom relief and reported a success percentage of 85.4%.(21)

HRql
Only three of the included studies reported HRQL scores.(29,34,41) The baseline scores 
of QoL were 61.0 (36.5 – 84.5) on 3-months and 55.5 (21.1 – 89.9) on 6-months follow-
up, respectively. The combined estimates of the change percentages in the 3-month and 
6-month category showed improved HRQL scores (figure 4). The I²’s indicates substantial 
heterogeneity in the 3-month and 6-month category.

Figure 2: Forest plot of NPV% directly post MR-HIFU, stratified by the use of mitigation.
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Fibroid shrinkage
All studies showed overall fibroid shrinkage after MR-HIFU treatment (figure 5). Stratifica-
tion by follow-up category showed only small differences. However, three studies reported 
a substantial effect of time on fibroid shrinkage percentage.(29)(22)(38) The I²’s indicate 
substantial heterogeneity in the 3-months and 6-months category. This could be partly, 
although not significantly, explained by NPV%. In the 12-months category the I2 was 

Figure 3: Forest plots of tSSS decrease percentage, stratified by follow-up category. Only Kerserci and 
Gorny reported the SD of the change percentage of the tSSS and all other SD had to be imputed.
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Figure 4: Forest plots of HRQL increase in change percentage, stratified by follow-up category.

Figure 5: Forest plots of fibroid shrinkage in percentage, stratified by follow-up category.
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0%. Explorative meta-regression analysis showed that NPV% was not significantly associ-
ated with fibroid shrinkage (p=0.012; figure 6). A borderline difference/trend was seen at 
6-months follow-up, suggesting a positive relationship.

adverse events
Only one of the included studies did not report AE as outcome parameter.(20) Of the 1330 
treatments analyzed, 112 of 1330 (8.7%) patients experienced an AE (figure 7). Importantly, 
110 AE’s were minor and self-limiting during follow-up. Only 2 patients (0.2%) experienced 
a serious adverse event (SAE), one deep venous thrombosis (DVT) and one third degree 
skin burn. These SAE’s were reported in two of the most dated studies (patient enrollment 
between 2005 and 2009).(31)(38) Stratification of (S)AE resulted in a substantial difference 
between Sonalleve and ExAblate, 17.6% versus 5.7%, respectively (figure 6). The difference 
between Sonalleve and ExAblate was statistically significant as confirmed by meta-regression 
(p<0.001). None of the other investigated covariates (NPV%, sonication time) were associ-
ated with adverse events.
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Figure 6: Association between fibroid shrinkage percentage and NPV% directly post MR-HIFU, not 
stratified by follow-up category. Every study has a dot with a different color and all different time-
points are shown. The size of the dot represents the number of patients.
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Re-intervention percentage
At the end of the follow-up from 16 different trials, data of 1323 treated patients were 
available. The re-intervention percentage at 3-33.6 months follow-up ranged from 0-21% 
(table 2). A total of 97 re-interventions were reported of which 23 hysterectomies, 25 myo-
mectomies, 7 surgical interventions (procedure not defined), 16 UAE, 15 repeat MR-HIFU, 
1 thermal laser ablation, 1 transcervical resection and 9 unknown interventions. Results of 
three studies showed a substantial effect of time on re-intervention percentage (figure 8).(20)
(31)(32)(22) Funaki et al calculated cumulative re-intervention percentages during follow-
up.(20) The reintervention rates at 6-, 12- and 24-months follow-up were 1.4%, 2.9% and 
14.0%, respectively. Additionally, Gorny et al reported the cumulative rates re-intervention 
percentages of 4% at 12-months, 13% at 24-months, 19% at 36-months and 23% at 
48-months follow-up.(31) Explorative meta-regression analysis showed no association with 
NPV% or tSSS decrease.

Reproductive outcomes
A total of 27 pregnancies were reported by five of the included studies.(20,21,29,36,44) 
Interestingly, a desire for future pregnancy was an exclusion criterium in two of these studies 
(21,29) and four patients voluntarily terminated their pregnancies while enrolled in the 
trial.(29) Morita et al described one uncomplicated pregnancy and birth.(21) Mindjuk et al 

Figure 7: Forest plots of AE during follow-up, stratified by system. Ev/trt: the reported number of AE 
and the number of patients treated. In the studies that reported no AE a percentage of 0.5% had to be 
imputed. Therefore, all percentages shown in the figures below are higher than in reality. PLN (Natural 
logarithm transformed proportion) was used.
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reported 12 uncomplicated cases (36), one spontaneous abortion occurred and two patients 
still pregnant at the time of publication. Kerserci et al described three pregnant women loss 
to follow-up without further notice.(44) Funaki et al reported two live term births and two 
first-trimester miscarriages.(20) Kerserci et al considered the potential impact on the ovarian 
reserve because ovarian dysfunction is strongly associated with subfertility. The levels of the 
anti-Mullerian Hormone (AMH) were measured at baseline and 6-months follow-up, no 
significant changes were found, suggesting that the ovary and its vessels were not involved 
in the treatment area.(43)

Costs
The authors did not report outcomes considering costs. Therefore, it is not possible to draw 
conclusions regarding cost-effectiveness on the included studies.

Table 2: Number of re-interventions and re-intervention percentage at the end of the follow-up.
study, year, length of 
follow-up in months (m)

number of re-interventions/
number of patients

Re-intervention percentage (%)

Smart 2006, 12 m 6/49 12.2%

Morita 2008, 12 m 2/48 4.0%

Funaki 2009, 24 m 7/57 12.3 % 

Gorny 2011, 33.6 m 29/138 21.0% 

Desai 2012, 6 m 0/50 0%

Dobrotwir 2012, 12 m 6/51 11.7%

Himabindu 2014, 6 m 0/32 0%

Park 2014, 3 m 0/74 0%

Jacoby 2015, 3 m 0/13 0%

Tan 2015, 12 m 9/100 9.0%

Mindjuk 2015, 19.4 m 28/221 12.7%

Xu 2015, 6 m 0/43 0%

Chen 2016, 6 m 1/107 0.9%

Jeong 2016, 6 m 9/157 5.7%

Tung 2016, 6 m 0/40 0%

Kerserci 2018, 6m 0/120 0%

Overall 97/1323 7.6%
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dIsCUssIon

This systematic review reevaluated the effectiveness of MR-HIFU therapy of uterine fibroids 
only including treatment protocols aiming for complete ablation, because restrictive pro-
tocols are no longer in clinical use. The results showed that symptom severity and fibroid 
volume continued to decrease during follow-up. The number of (S)AE was low and the 
re-intervention percentage at 3-33.6 months follow-up ranged from 0-21%. Reproductive 
outcomes were encouraging. Costs and HRQL were under-reported. Importantly, the symp-
tom improvement in this review was greater compared to other MR-HIFU reviews and 
retreatment rates were lower.(16,17)  So, implementing unrestrictive treatment protocols 
has led to better clinical outcome.

quality of evidence
In general, all outcome parameters discussed in this review were influenced by the overall 
level of evidence which was poor to moderate. Only non-randomized, non-comparative 
trials were available for inclusion.(24) Sources leading to a high risk of bias were related 
to the specific study designs: inadequately reporting of loss to follow-up and potentially a 
selection bias.  Weaknesses of the meta-analysis were caused by methodological limitations. 
Standard deviations often had to be estimated. Some studies were subject to loss of follow-up 

RE-INTERVENTIONS

Figure 8: Bubble chart of re-intervention percentage at follow-up. The size of the dot represents the 
number of patients.
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and some sub-studies were based on different sample sizes.(27) Therefore, the results should 
be interpreted with care. Moreover, results are based on reported means instead of individual 
patient data, thus ecological fallacy may have affected outcomes. Heterogeneity for each 
outcome parameter was often substantial, and mostly unexplained, questioning whether 
we should generalize our results. However, this method is valid because we used a random-
effects model for meta-analysis.(26)

Technical parameters
Decreases in the number of technical failures and treatment time in the extended patient co-
horts suggests that increased experience enhances treatment efficacy. The shortest sonication 
time was reported by Xu et al, so the Chongqing system might improve treatment efficiency.
The pooled NPV% directly post MR-HIFU was 68.1% which is higher than reported in 
other reviews (16,17), probably due to the exclusion of restrictive treatment protocols. Our 
results revealed a remarkable asymmetry in the distribution of scattered points into two 
groups. Unfortunately, we were unable to fully explain this. Only one borderline difference 
was found with the use of bowel-interference mitigation techniques suggesting that this may 
lead to higher NPV%. Interestingly, like Peregrino et al this review failed to show a statisti-
cally significant improvement in symptoms depending on different NPV%.(16) However, 
two of the included studies divided their patients into two groups based on NPV% and 
showed that higher NPV% result in better clinical outcomes.(42,43) One study showed that 
higher NPV% was associated with greater efficacy.(36)

UFs-qol
On average, the pooled tSSS was decreased and continued to improve during follow-up. 
There was no data available beyond 12 months. None of the included studies compared 
MR-HIFU to other treatment options. Jacoby et al did compare MRgFUS to placebo (34) 
and reported a larger tSSS decrease in the MRgFUS group, -31 vs -13 points, at 3-months 
follow-up. To compare the tSSS of MR-HIFU to other treatment options (UAE, hysterec-
tomy and myomectomy), we searched other uterine fibroid trials that used the UFS-QoL 
questionnaire. Spies et al reported decreased tSSS: -40,2 for UAE, -40,5 for myomectomy 
and -57,3 for hysterectomy at 12-months follow-up.(45) The tSSS in the Fume trial (46) 
was -37.6 for myomectomy and -30,4 for UAE after 12-months. In this review, the tSSS 
at 12-months was -30.5, which is comparable to UAE, but less improvement compared to 
myomectomy and hysterectomy.
HRQL was clearly under-reported in this review which is remarkable because the HRQL 
is part of the UFS-QoL questionnaire. Three studies did show improved HRQL after MR-
HIFU treatment. Jacoby et al showed greater HRQL improvement in the MRgFUS group 
compared to placebo, 27 vs 17-points.
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Fibroid shrinkage
All studies showed fibroid shrinkage and the shrinkage percentage varied in time demon-
strating that fibroids can continue to decrease in volume at least up to 1 year. A borderline 
significance was found between fibroid shrinkage and NPV% indicating that a higher 
NPV% could lead to more fibroid shrinkage. Please note that a follow-up MRI examination 
is expensive and often unnecessary.

adverse events
The only two SAE’s were reported in old studies (32,38) which could be explained by a small 
learning curve effect when MR-HIFU was implemented into clinical use.(13) Stratifica-
tion of AE by system showed significantly more AE in trials using the Sonalleve system 
compared to the ExAblate device.(29,35,37,43) However, two ExAblate studies reported 
‘no unexpected or significant AE’, suggesting under-reporting.(22,41) Moreover, there is 
no consensus on the definition of AE related to MR-HIFU. For example, abnormal vaginal 
discharge was often defined as AE, but one ExAblate study reported fibroid expulsion in 
21% of their patients as normal finding.(36) Interestingly, a Sonalleve study reported consti-
tutional symptoms as AE while none of the other studies reported this.(37)
Although the difference between Sonalleve and ExAblate in AE might be explained by a 
reporting bias, it remains important to investigate this in the future.

Re-intervention percentage
The overall re-intervention percentage ranged from 0-21% at the end at follow-up (3-33.6 
months). Longer follow-up was associated with a higher risk of further interventions. 
Unfortunately, due to the lack of longer follow-up data, it remains unclear whether MR-
HIFU provides symptom relief until menopause without the need for additional therapy. 
No association was found with NPV%, tSSS or fibroid shrinkage, this may be explained 
by the exclusion of patients undergoing re-interventions from further follow-up. The re-
intervention percentage in our review at 24-months ranged from 13-14% as reported by 
two studies (218 patients).(20,31) This is comparable to the re-intervention percentage after 
UAE at 24-months. The EMMY trial (47) reported 23.5% re-interventions in the UAE 
group.(48) A review comparing UAE with myomectomy and hysterectomy concluded that 
15-32% will require further surgery within two years of UAE.(49)

Reproductive outcomes
None of the included studies intended to investigate reproductive outcomes, but results 
were encouraging. Data is scarce since only one study investigated pregnancy outcomes 
after MR-HIFU treatment retrospectively.(50) However, the available evidence is reassuring 
(51), but our results must be interpreted with caution due to the very small number of post 
MR-HIFU pregnancies and the relative rarity of the pregnancy complications one might 
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expect because of MR-HIFU (i.e. abnormal placentation, placental abruption and fetal 
growth restriction). Compared to myomectomy, the noninvasive character of MR-HIFU is 
advantageous for women trying to conceive because patients can attempt pregnancy much 
sooner. How MR-HIFU affects one’s ability to conceive is unknown, although the finding 
that AMH levels did not change in three studies (43,52,53) suggests that ovarian function is 
not compromised by MR-HIFU.

Costs
Based on the included studies, it was impossible to analyze the cost-effectiveness of MR-
HIFU therapy compared to other uterine fibroid treatments. Five cost-effectiveness analysis 
are published, but not included in this review.(54-58) They all suggested that MR-HIFU 
may be a cost-effective strategy at commonly accepted willingness-to-pay thresholds.

Future perspectives
Although MR-HIFU treatment of uterine fibroids has been performed for 14 years now, 
there is still no wide-spread implementation of MR-HIFU or reimbursement worldwide. 
A randomized controlled trial is the gold standard to obtain reimbursement and one is cur-
rently ongoing to compare UAE and MR-HIFU.(59) However, they experienced difficulties 
recruiting participants and some patients declined randomization. Thus, randomized trials 
are very hard to conduct and pose methodological challenges.  To implement MR-HIFU 
treatment in regular clinical care, larger comparative controlled cohort studies with longer 
follow-up are warranted to define the role of MR-HIFU in the management of symptomatic 
uterine fibroids.

Core outcome set
Hitherto, there is no consensus on how to evaluate clinical outcome after MR-HIFU treat-
ment. It is important to reach consensus, for example by developing a standardized Core 
Outcome Set (60), to improve the consistency of outcome reports in future MR-HIFU 
trials. Based on the outcomes identified via this systematic review we would recommend 
that clinical trials report the following outcomes: symptom improvement, QoL, NPV%, 
adverse events, fibroid shrinkage, re-intervention percentage, reproductive outcomes, recov-
ery time and clinical efficacy. Symptom improvement and QoL should be assessed by a 
validated questionnaire such as the UFS-QoL.(19) Clinical efficacy should be a combination 
of symptom reduction and no re-intervention during follow-up.(36) Preferably, all patients 
are followed until menopause. Moreover, data of the patients undergoing an additional treat-
ment should be published to identify risk factors for the need of re-interventions.
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Conclusions
MR-HIFU therapy is a completely noninvasive safe therapy and is effective in alleviating 
fibroid-related symptoms for at least 12-months. Treatment protocols aiming for complete 
ablation led to better treatment outcomes. The re-intervention percentage is comparable to 
UAE at 24-months follow-up. Further trials should evaluate outcomes beyond 33.6 months 
and investigate reproductive outcomes. Moreover, controlled cohort trials are necessary to 
define the position of MR-HIFU compared to other treatment options for uterine fibroids.
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aPPendIx 1

literature search

National Guideline Clearinghouse
Keywords contains:
1. “Leiomyoma”: 5 hits
2. “Myoma”: 2 hits
3. “Fibroid”: 13 hits
4. “Uterine fibroid”: 12 hits
5. #1 OR #2 OR #3 OR #4: 13 hits
6. “HIFU”: 6 hits
7. “FUS”: 34 hits
8. “High Intensity Focused Ultrasound”: 33 hits
9. “Magnetic Resonance-Guided Focused Ultrasound”: 50 hits
10. “Magnetic Resonance-Guided High-Intensity Focused Ultrasound”: 13 hits
11. #5 AND (#6 OR #7 OR #8 OR #9 OR #10): 12 hits

Cochrane Library
Title, abstract, keywords contains:
1. “Leiomyoma”: 796 hits
2. “Myoma”: 643 hits
3. “Fibroid”: 311 hits
4. “Uterine Fibroid”: 120 hits
5. #1 OR #2 OR #3 OR #4:1298 hits
6. “HIFU”: 133 hits
7. “FUS”:  50 hits
8. “High Intensity Focused Ultrasound”: 195 hits
9. “Magnetic Resonance-Guided Focused Ultrasound”: 38 hits
10. “Magnetic Resonance-Guided High-Intensity Focused Ultrasound”: 7 hits
11. #5 AND (#6 OR #7 OR #8 OR #9 OR #10): 43 hits

TRIP
Keywords contains:
1. “Leiomyoma”: 3671 hits
2. “Myoma”: 913 hits
3. “Fibroid”: 4746 hits
4. “Uterine Fibroid”: 1206 hits
5. #1 OR #2 OR #3 OR #4: 5514 hits
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6. “HIFU”: 691 hits
7. “FUS”: 12.753 hits
8. “High Intensity Focused Ultrasound”:  618 hits
9. “Magnetic Resonance-Guided Focused Ultrasound”: 101 hits
10. “Magnetic Resonance-Guided High-Intensity Focused Ultrasound”: 34 hits
11. #5 AND (#6 OR #7 OR #8 OR #9 OR #10): 239 hits
12. #11 AND (“Magnetic resonance Imaging” OR “MRI”): 167 hits

Medline/PubMed
Keywords contains:
1. “Leiomyoma” [Mesh]: 19655 hits
2. “Leiomyoma” [tiab]: 9994 hits
3.  “Leiomyoma”[tiab]) AND “Leiomyoma”[Mesh]: 7752 hits
4. “leiomyomas”[tiab]: 4488 hits
5. “Myoma”[tiab]: 3852 hits
6. “Myomas”[tiab]: 2140 hits
7. “Fibroid”[tiab]: 3124 hits
8. “Fibroids”[tiab]: 4122 hits
9. #3 OR #4 OR #5 OR #6 OR #7 OR #8: 19.247 hits
10. “High-Intensity Focused Ultrasound ablation” [Mesh]: 1679 hits
11. “High-Intensity Focused Ultrasound ablation”[tiab]: 242 hits
12. “High-Intensity Focused Ultrasound”[tiab]: 2542 hits
13. “focused ultrasound”[tiab]: 4552 hits
14. “Magnetic Resonance-Guided Focused Ultrasound” [tiab]:248 hits
15. “Magnetic Resonance-Guided High-Intensity Focused Ultrasound” [tiab]: 103 hits
16. #10 OR #11 OR #12 OR #13 OR #14 OR #15: 5020 hits
17. “Sonalleve”[tiab] OR “insightec”[tiab] OR “ExAblate 2000”[tiab]: 65 hits
18. “Magnetic Resonance Imaging”[Mesh]: 393422 hits
19. “Magnetic Resonance Imaging”[tiab]: 198173 hits
20. #18 OR #19: 464194 hits
21. #9 AND #16: 408 hits
22.  #20 AND #21 AND ((“Treatment outcome”[MeSH Terms] OR “Follow-Up 

Studies”[MeSH Terms])): 87 hits
13. #20 AND #21: 202 hits

WHO International Clinical Trials Registry Platform (ICTRP)
1. “Leiomyoma”: 123 trials
2. “Myoma”: 103 trials
3. “Fibroid”: 112 trials
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4. “Uterine Fibroid”: 60 trials
5. #1 OR #2 OR #3 OR #4: 298 trials
6. “HIFU”: 128 trials
7. “FUS”: 13 trials
8. “High Intensity Focused Ultrasound”:  143 trials
9. “Magnetic Resonance-Guided Focused Ultrasound”: 28 trials
10. “Magnetic Resonance-Guided High-Intensity Focused Ultrasound”: 19 trials
12. #5 AND (#6 OR #7 OR #8 OR #9 OR #10): 440 trials

Embase
1. ‘leiomyoma’/exp OR ‘leiomyoma’: 23.539 hits
2. ‘myoma’: 19.060 hits
3. ‘fibroid’: 5598 hits
4. ‘uterine fibroid’: 1658 hits
5. ‘uterine myoma’: 14.251 hits
6. #1 OR #2 OR #3 OR #4 or #5: 38.641 hits
7. ‘HIFU’:  3451 hits
8. ‘FUS’: 3948 hits
9. ‘High Intensity Focused Ultrasound’:  5341 hits
10. ‘Magnetic Resonance-Guided Focused Ultrasound’:  417 hits
11. ‘Magnetic Resonance-Guided High-Intensity Focused Ultrasound’: 146 hits
12. #6 AND (#7 OR #8 OR #9 OR #10 OR #11): 580 hits
13. #12 AND [English]/lim: 514 hits
14.  ‘leiomyoma’/exp OR ‘leiomyoma’ AND (‘high intensity focused ultrasound’/exp OR 

‘high intensity focused ultrasound’) AND [English]/lim: 79 hits
15.  (‘leiomyoma’/exp OR ‘leiomyoma’) AND (‘high intensity focused ultrasound’/exp 

OR ‘high intensity focused ultrasound’ OR ‘magnetic resonance-guided high-intensity 
focused ultrasound’/exp OR ‘magnetic resonance-guided high-intensity focused ul-
trasound’ OR ‘magnetic resonance-guided focused ultrasound’/exp OR ‘magnetic 
resonance-guided focused ultrasound’) AND [English]/lim: 116 hits

Total screened hits: 568 hits
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AbsTRAcT

objectives
Since 2004 uterine fibroids have been treated with MR-HIFU, but there are persevering 
doubts on long-term efficacy to date. In the Focused Ultrasound Myoma Outcome Study 
(FUMOS), we evaluated long-term outcomes after MR-HIFU therapy, primarily to assess 
the re-intervention rate.

Methods
Data was retrospectively collected from 123 patients treated with MR-HIFU at our hospital 
from 2010-2017. Follow-up duration and baseline (MRI) characteristics were retrieved from 
medical records. Treatment failures, adverse events and the Non-Perfused Volume percent-
age (NPV%) were determined. Patients received a questionnaire about re-interventions, 
recovery time, satisfaction and pregnancy outcomes. Restrictive treatment protocols were 
compared with unrestrictive (aiming for complete ablation) treatments. Subgroups were 
analysed based on the achieved NPV<50% or ≥50%.

Results
Treatment failures occurred in 12.1% and the number of adverse events was 13.7%. Imple-
mentation of an unrestrictive treatment protocol significantly (p=0.006) increased the mean 
NPV% from 37.4% [24.3-53.0] to 57.4% [33.5-76.5]. At 63.5±29.0 months follow-up, the 
overall re-intervention rate was 33.3% (n=87). All re-interventions were performed within 
34 months follow-up, but within 21 months in the unrestrictive group. The re-intervention 
rate significantly (p=0.002) decreased from 48.8% in the restrictive group (n=43; follow-up 
87.5±7.3 months) to 18.2% in the unrestrictive group (n=44; follow-up 40.0±22.1 months). 
The median recovery time was 2.0 [1.0-7.0] days. Treatment satisfaction rate was 72.4% and 
4/11 women completed family planning after MR-HIFU.

Conclusions
The unrestrictive treatment protocol significantly increased the NPV%. Unrestrictive MR-
HIFU treatments led to acceptable re-intervention rates comparable to other reimbursed 
uterine-sparing treatments and no re-interventions were reported beyond 21 months follow-
up.

Keywords
Uterine fibroids, MR Guided Interventional Procedures, High-Intensity Focused Ultra-
sound Ablation
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InTRodUCTIon

Uterine fibroids have a high life-time prevalence varying between 70%-80%.(1) In 25% 
of the women, uterine fibroids cause clinically significant symptoms. Symptoms can be 
classified into three categories; abnormal menstrual bleeding, bulk-related symptoms and 
reproductive dysfunction.(2,3) To date, hysterectomy is still the most commonly performed 
intervention for uterine fibroids. Although effective in reducing symptoms, hysterectomy is 
associated with a risk of postoperative complications and requires several weeks of recovery.
(4,5) Myomectomy is considered the best therapeutic choice for women desiring pregnancy.
(6) Less invasive treatment options are available including Uterine Artery Embolization 
(UAE) and radiofrequency ablation (RFA). Magnetic Resonance image-guided High-
Intensity Focused Ultrasound (MR-HIFU) is a completely non-invasive therapy which 
combines high-intensity focused ultrasound for tissue heating with real-time MRI and MRI-
based temperature monitoring for therapy guidance.(7) A pre-treatment MRI is necessary 
to determine patient suitability for MR-HIFU.(8) Importantly, not all fibroids are suitable 
for each treatment strategy, but these less invasive approaches have the obvious advantage 
of uterine preservation and allowing future childbearing. Other benefits include less pain 
post-treatment, less complications, shorter hospital stay and faster recovery.(9,10) However, 
these therapies have been associated with a higher fibroid recurrence risk. A systematic 
review reported a re-intervention rate after three years of 7.4% for UAE, 10.4% for RFA 
and 34.7% for MR-HIFU compared to 1.2% for myomectomy.(11) Although that review 
included MR-HIFU studies using outdated treatment protocols and older devices, there 
are preserving doubts on the long-term efficacy of MR-HIFU. An important predictor of 
MR-HIFU treatment success is the ablated fibroid volume (figure 1), e.g. the Non-Perfused 
Volume (NPV). A higher NPV% results in greater fibroid shrinkage, improved relief of 
symptoms and lower retreatment rates.(12-14) Technological improvements and treatment 
protocol modifications are nowadays leading to increased NPV%.(15,16) Importantly, data 
beyond 24 months follow-up of MR-HIFU treatments with protocols aiming for complete 
fibroid ablation is scarce.(14)

objectives
Evaluation of long-term outcomes after MR-HIFU therapy of uterine fibroids, primarily 
to assess the re-intervention rate. Secondary outcomes included safety, treatment failures, 
NPV%, treatment satisfaction and reproductive outcomes.
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MeTHods

study design
In this retrospective study, women treated with MR-HIFU from April 2010 to December 
2017 at the University Medical Centre Utrecht (UMCU) in the Netherlands were included. 
Data from part of this patient population was used in previous studies.(17-19) The research 
protocol (reference number: 17-892) was examined by the Medical Research Ethics Com-
mittee Board (MREC) UMCU and confirmed on the 18th of January 2018 that the Medical 
Research Involving Human Subjects act (WMO) does not apply to our study. Data was 
retrospectively retrieved from medical records. Additional follow-up data was collected using 
a questionnaire (Appendix 2) by mail. All patients signed informed consent before the initial 
MR-HIFU treatment and a (renewed) informed consent before filling in the questionnaire.

MR imaging and MR-HIFU treatment
Two radiologists carried out all MR-HIFU procedures, without prior MR-HIFU experience. 
The first radiologist consecutively treated the first 78 patients and the second radiologist 
consecutively treated the last 45 patients. Patients were treated on a clinical MR-HIFU 
system (Sonalleve, Profound Medical Inc.) integrated into a 1.5-T MRI (Achieva, Philips 
Healthcare). During the study period, an upgrade was installed (Sonalleve V1 to V2) in-
cluding a Direct Skin Cooling (DISC) system.(20) Furthermore, two different MR-HIFU 
treatment protocols were used. Therefore, the cohort was subdivided into two subgroups; 
restrictive treatment protocol versus unrestrictive treatment protocol. During the first treat-
ments  (18,19), restrictive guidelines were followed for safety measures; patient immobiliza-
tion time was limited to 3 hours; no sensitive structures (i.e. bone, bowel, scar tissue, clips, 
bladder with catheter, or nerves) in the near field beam path; far field safety margin (30mm) 
to the spine (or other sensitive structures); safety margin (10mm) from the treatment cell to 
the uterine serosa. The unrestrictive treatment protocol allowed for complete fibroid ablation 

Figure 1: Pre-treatment and post-treatment images; a) T2-weighted image from the screening MRI; b) 
gadolinium enhanced T1-weighted image from the screening MRI; c) the same sequence immediately 
post MR-HIFU treatment.
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without time limit or safety margins (the sonication spot was determined by the operator 
with careful assessment of neighboring sensitive structures).

data collection
Information from medical records was retrieved about a) patient characteristics; b) pre-
treatment MR-parameters; c) occurrence of (serious) adverse events; d) treatment failures; 
e) NPV% immediately post MR-HIFU treatment. Follow-up duration was calculated from 
the initial MR-HIFU treatment till 04-08-2018. On the pre-treatment MRI the following 
measurements were performed: the thickness of the abdominal subcutaneous fat layer, the 
number of fibroids, the maximum diameter and the total fibroid volume by semi-automatic 
segmentation in the tumor tracking function of IntelliSpace Portal (ISP) software (Philips 
Healthcare) with review and manual correction of the segmentation result by an expert. MRI 
fibroid characteristics consisted of the presence of contrast enhancement on T1-weighted 
images and the fibroid’s signal intensity on the T2-weighted images to determine Funaki 
classification.(21) Based on their T2 signal intensity, fibroids can be classified into three 
Funaki subtypes (figure 2). Funaki type 1 and 2 respond well to MR-HIFU therapy while 
treatment of Funaki type 3 fibroids is not recommended.(22)

Treatment failures were defined as treatments cancelled due to bowel-interposition, device 
malfunction, patient discomfort or inadequate heating of the uterine fibroid. MR-HIFU 
treatment failures were not included in further analysis. Adverse events were identified and 
graded according to the Common Terminology Criteria for Adverse Events (CTCAE).(23) 
On the post-treatment MR images, the NPV was volumetrically measured in ISP and the 
NPV% was calculated by the following formula:

The need for additional treatment was based on clinical evaluation. The radiological post-
HIFU evaluation was not used to propose additional treatments. Follow-up data on the 

Figure 2: Funaki classification; a) Funaki I fibroid (signal intensity lower than myometrium and mus-
cle); b) Funaki II fibroid (signal intensity lower than myometrium, but higher than muscle); c) Funaki 
III fibroid (signal intensity higher than muscle and myometrium).
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need for additional treatment during follow-up, recovery time in days, patient treatment 
satisfaction and pregnancy outcomes were collected using a questionnaire. A re-intervention 
was defined as second MR-HIFU treatment, embolization, myomectomy or hysterectomy. 
The continued use of medication was not considered a re-intervention. Repeat MR-HIFU 
treatments for other fibroids or large fibroids scheduled in two tempi were not considered 
re-interventions. A sub-analysis for the re-intervention rate was performed based on the 
achieved NPV<50% or ≥50%, this cut-off point is in concordance with previous publi-
cations.(12,17,24,25) Until 2013 a wish for future pregnancy was an exclusion criterion. 
Despite this, all patients were asked if they had a desire for future pregnancy prior to the 
MR-HIFU treatment and whether they conceived during follow-up.

statistics
For statistical analysis IBM SPSS statistics 25 was used. The level of statistical significance 
was set at p<0.05. A Mann-Whitney U test was used to calculate significant difference of 
NPV% between treatment protocols, re-intervention groups and to compare follow-up 
duration between subgroups. Chi square test was used to calculate significant difference of 
treatment failures and re-intervention rate between Funaki types, treatment protocols and 
NPV subgroups. A cox regression was used to evaluate the relationship between undergoing 
a re-intervention (outcome) and the NPV% achieved immediately post-treatment (predic-
tor) as well as the relationship between a re-intervention and the treatment protocol used. 
Cox regression was performed and corrected for any possible confounding effects such as 
NPV% and treatment protocol. The probability of undergoing a re-intervention as a func-
tion of time was analysed by a Kaplan Meier curve. The NPV% was compared between 
patients lost to follow-up and patients who completed the follow-up. We stratified outcomes 
by system (V1/V2), treating radiologist, treatment protocol, NPV%, follow-up duration, 
and Funaki type.

ResUlTs

One hundred and twenty-three patients were treated with MR-HIFU between April 2010 
and December 2017. The flowchart of the selection process is shown in Figure 3. Eleven pa-
tients were excluded from the analysis. A total of 124 MR-HIFU treatments were performed 
on 112 patients. Twelve patients were treated in two tempi due to a) treatment volume of 
the fibroid which was not treatable in a single session; b) the treatment of multiple fibroids; 
c) the occurrence of technical failure during the first treatment.
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Procedure related outcomes
Overall, seventeen adverse events occurred (13.7%) in 124 treatments. The reported adverse 
events were skin redness, first- and second-degree skin burns, abdominal pain, malaise, 
vaginal discharge or bleeding, haematuria, cystitis and neuropraxia (table 1). Only mild 
(grade 1; n=13) and moderate (grade 2; n=4) adverse events were reported. Stratification 
by system, treatment protocol or treating radiologist showed no significant differences in 
the total number of adverse events. However, all skin burns were reported in treatments 
performed with the V1.

Treatment failures occurred in 12.1% (15/124) of the MR-HIFU treatments (Table 1). Four 
patients underwent a second MR-HIFU treatment. The other patients (n=11) chose not to 
undergo a second MR-HIFU treatment and were excluded from further analysis. Stratifica-
tion by system or treating radiologist showed no significant differences in treatment failures.

The mean NPV% of the remaining 101 patients was 48.4±25.0% (2.1-100.0). The median 
NPV% was significantly different between the restrictive (37.4% [24.3–53.0], n=47) and 
unrestrictive (57.4% [33.5–76.5], n=54) treatment protocol, p=0.006. The median NPV% 
of the patients that returned the questionnaire was lower (41.0 [28.3-66.1], n=87) compared 
to the patients who did not return the questionnaire (65.3 [38.3-77.7], n=14).

 

Database 123

112 patients

101 patients

87 patients

14 lost to 
follow-up

15 technical 
failures

4 patients 
MR-HIFU

Exclusion  (n=11) :
- Declined to participate (n=2)
- Deceased (n=1)
- Treatment of adenomyosis (n=3)
- Patients part of another trial (n=4)
- Severe comorbidity (n=1)

Figure 3: Flowchart of participants.
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Clinical outcomes
In total, 87/101 patients returned the questionnaires (Figure 3). Baseline characteristics 
are shown in Table 2. The mean follow-up duration was 63.5±29.0 months (range: 8-100 
months).
Twenty-nine of the 87 patients (33.3%) required additional treatment during the follow-
up period due to fibroid-related symptoms (table 3), consisting of six second MR-HIFU 
therapies (21%), four UAE (14%), two myomectomies (7%), and seventeen hysterectomies 
(58%).
Longer follow-up was associated with a higher risk for a re-intervention (figure 4). All re-
interventions were performed within 34 months of the initial MR-HIFU treatment.

We found a significant difference (p=0.012) in NPV% between patients who underwent 
a re-intervention (n=29) and patients with no re-intervention (n=58) with a median 
NPV% of 35.7%[26.9–44.9] and 49.7%[30.2 – 73.3], respectively. Furthermore, NPV% 
was negatively associated with the risk of re-intervention (HR 0.977 (95%CI 0.961-
0.994),(p=0.009)). Analysis showed no confounding effect of treatment protocol regarding 
NPV% prediction of outcome.
Comparison of the two treatment protocols (p=0.002) showed that more patients treated 
with the restrictive protocol (21/43) needed additional treatment than patients treated with 
the unrestrictive protocol (8/44); 48.8% versus 18.2% (table 3). Cox regression confirmed 
this; the unrestrictive treatment protocol lowers the risk of re-intervention (HR 0.275 
(95%CI 0.111-0.681), p=0.005). The follow-up of the patients treated with an unrestricted 

Table 1: Specification of adverse events (n=17) during 124 treatments on the left. Specification of 
causes of treatment failure (n=15) on the right.
adverse events n (%) Treatment failures n (%)

Total 17(13.7) Total 15(12.1)

Skin redness 3(2.4) Inadequate heating 4(3.2)

Skin burns * 4(3.2) Treatment of a Funaki 3 fibroid 3(2.4)

Cystitis 1(0.8) Physical discomfort, movement and/or pain 3(2.4)

Abdominal pain ** 3(2.4) Interposition of intestine 2(1.6)

Malaise 1(0.8) Failure of the technology 2(1.6)

Vaginal discharge or bleeding ** 3(2.4) Vasovagal episode during treatment 1(0.8)

Haematuria 1(0.8)

Neuropraxia *** 2(1.6)

* Only first- and second-degree skin burns were reported. 
** One woman reported abdominal and pain vaginal bleeding. 
*** Neuropraxia of L5 (caused by non-target heating) and neuropraxia of the brachial plexus (due to 
positioning difficulties in the bore) were reported.
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protocol was also shorter (40.0±22.1 versus 87.5±7.3 months, p<0.001) However, no re-
intervention was reported in this subgroup beyond 21 months follow-up.
A sub-analysis was performed based on the achieved NPV%. In 36 of the 87 patients 
(41.4%), a NPV≥50% was achieved. The re-intervention percentage of these 36 patients was 
16.7% (6/36), whereas 23 patients out of 51 patients with a NPV<50% (45.1%;p=0.021) 
required additional intervention during follow-up (table 3). The mean follow-up duration 
was not significantly different for these two groups (p=0.281); 58.7±30.2 (9-99) months and 
66.8±28.0 (8-100) months, respectively.
Stratification of the Funaki types led to a re-intervention rate of 100% in Funaki type 3 
fibroids (2/2), 39.3% for type 2 (24/61) and 12.5% for type 1 (3/24). The re-intervention 
rate between Funaki 2 and Funaki 3 fibroids was not significantly different (p=0.086), but 
was significant between Funaki 1 and Funaki 2 fibroids (p=0.017). Funaki 3 fibroid treat-
ments had a failure rate of 60% (6/10), compared to 10.7% (8/75) for Funaki 2 and 3.7% 
(1/27) for Funaki 1 fibroids. This treatment failure rate was significantly different for Funaki 
2 and 3 fibroids (p=0.001), but not for Funaki 1 and 2 fibroids (p=0.274).

The median recovery time before patients returned to work or their normal activities was 2.0 
[1.0-7.0] (0-60) days.
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Fifty-eight out of 87 patients (66.7%) reported about their treatment satisfaction. The 
other 29 (33.3%) had difficulties remembering because too much time had passed since 
the treatment. Of those 58 patients, 42 patients (72.4%) were satisfied with the treatment 
procedure at the hospital and 51/58 patients (87.9%) would recommend this treatment to 
other women.

In total, 63 patients answered the questions regarding pregnancy of which 11 still had a 
desire for future pregnancy when they underwent MR-HIFU therapy. Four women (36.4%) 
conceived, resulting in nine pregnancies two of which resulted in early pregnancy losses and 
seven in livebirths (six at term and one preterm). Mode of delivery was a Caesarean section 
in three cases and two vaginal deliveries. Reported complications during pregnancy were 
fibroid’s necrosis, obstruction of labor (n=1) and post-partum haemorrhage (n=2).

Table 2: Baseline characteristics of all patients (n= 87).
Baseline characteristics

Number of patients 87

Age (years) 44.6 ± 4.7 (30.8–54.1)
44.5 [41.2-48.2]

Duration of follow-up (months) 63.5 ± 29.0 (8-100)
74.0 [37.0-88.0]

Number of fibroids

1 39 (44.8)

2 13 (14.9)

3 8 (9.2)

4 10 (11.5)

≥5 17 (19.5)

Targeted fibroid diameter (cm) 9.3 ± 3.1 (3-18.9)
9.1 [7.0-11.5]

Targeted fibroid volume (cm³) 347.3 ± 260.8 (7.4-1490.3)
305.0 [158.0-505.2]

Targeted fibroid Funaki intensity

1 24 (27.6)

2 61 (70.1)

3 2 (2.3)

Subcutaneous fat layer (cm) 1.2 ± 0.6 (0.1-3.1)
1.0 [0.8-1.6]

Data presented as n, n (%) or mean ± SD (range) and median [Q1-Q3].
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dIsCUssIon

To the best of our knowledge this retrospective study has the longest follow-up after MR-
HIFU treatment of uterine fibroids reported to date.  Previous publications all had a follow-
up of two years or shorter.(26,27) Only Mohr-Sasson et al. had an average follow-up of 36.5 
months.(28) Our mean follow-up of 63.5 months exceeds that study.
Similar to our study, longer follow-up is associated with a higher risk for a re-intervention.
(29,30) However, all re-interventions were performed within 34 months follow-up and no 
re-intervention were reported beyond 21 months follow-up in the unrestrictive treatment 

Table 3: Clinical outcomes at the end of follow-up.
Follow-up outcomes

Duration of follow-up (months) (n=87) 63.5 ± 29.0 (8-100)
74.0 [37.0-88.0]

Recovery time (days) (n=87) 5.8 ± 9.7 (0-60)
2.0 [1.0-7.0]

Treatment satisfaction rate (n=58/87)

- Satisfied 42/58 (72.4)

- Unsatisfied 16/58 (28.6)

Re-interventions: 29/87 (33.3)

•	 Hysterectomy 17/29 (58.0)

•	 Myomectomy 2/29 (7.0)

•	 Uterine	Artery	Embolization 4/29 (14.0)

•	 Repeat	MR-HIFU 6/29 (21.0)

Re-intervention subgroups analysis:

◊	 Restrictive protocol group (n=43) * 21/43 (48.8)

◊	 Unrestrictive protocol group (n=44) * 8/44 (18.2)

•	 NPV ** <50% (n=51) *** 23/51 (45.1)

•	 NPV ** ≥50% (n=36) *** 6/36 (16.7)

∆ Funaki 1 (n=24) 3/24 (12.5)

∆ Funaki 2 (n=61) 24/61 (39.3)

∆ Funaki 3 (n=2) 2/2 (100)

Data presented as n, n (%) or mean ± SD (range) and median [Q1-Q3]. 
* The follow-up of patients treated with an unrestricted protocol was significantly shorter; 40.0±22.1 
vs. 87.5±7.3 months (median: 41.0 [18.3-62.0] vs. 88.0 [82.0-94.0] months). 
** Non-Perfused Volume percentage. 
*** The follow-up between the NPV subgroups was not significantly different; 58.7±30.2 vs. 66.8±28.0 
months (median: 62.5 [29.5-89.8] vs. 79.0 [47.0-87.0] months).
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protocol group. Although this might be partially explained by women becoming post-
menopausal, it is an important finding for future study designs.
Our re-intervention rate after MR-HIFU was 33.3%, which is relatively high, but our stud-
ies included treatment with both restricted and unrestricted protocols, it can be expected 
that the re-intervention rate in this study is higher than studies only including treatment 
protocols aiming for full-ablation, as illustrated by our non-restrictive treatments which 
decreased the re-intervention rate to 18.2%.
The probability of requiring re-intervention decreases as the NPV% increases.(13) Our re-
intervention rate was lower when the achieved NPV% was ≥50% (16.7% versus 45.1%) 
and implementation of an unrestricted treatment protocol led to a higher mean NPV%.
(16) Therefore, operators nowadays should aim for complete ablation to reduce the re-
intervention risk.
As outlined above, none of the earlier MR-HIFU studies had a comparable follow-up dura-
tion, but five-year outcomes after ultrasound-guided HIFU treatments have been reported 
previously. Sandberg et al. compared long-term re-intervention rates after several uterine-
sparing treatments of uterine fibroids.(11) At 60 months, the re-intervention rate was 12.2% 
for myomectomy, 14.4% for UAE and 53.9% after MR-HIFU which is higher than our 
re-intervention rate of 33.3%.
Two studies compared MR-HIFU to UAE (17,31), they reported lower re-intervention rates 
and greater improvement in symptoms after UAE. However, the mean NPV% in both trials 
was below 50%.(32) More recent studies reported lower retreatment rates: 12.7% after MR-
HIFU at 19.4 months (comparable to UAE).(13,28) The latter study compared long-term 
outcomes of MR-HIFU to laparoscopic myomectomy and found no significant differences 
in symptom reduction, quality of life or re-intervention rates.
Importantly, the average recovery time after MR-HIFU in our study was 5.8±9.7 days, 
compared to 22.1±12.3 days for myomectomy and 11.9±5.9 days for UAE.(33) This implies 
both reduced hospital stay as absenteeism, which decreases both the economic and social 
burden of uterine fibroids. Further large controlled trials, comparing the presently available 
different treatments for uterine fibroids, and utilising the newest equipment and treatment 
protocols, are needed to confirm these findings.

The number of patients desiring pregnancy in this study was too small to determine the preg-
nancy rate, because a desire for future child-bearing was an exclusion criterion until 2013.
(18) However, similar to previous cohort studies, the pregnancy outcomes after MR-HIFU 
treatment in this study were reassuring.(34) Contrary to UAE, which can compromise ovar-
ian reserve, and thereby fertility, as suggested by the significantly decrease in anti-Mullerian 
hormone levels compared to HIFU in the FIRSTT study.(31) Moreover, MR-HIFU also 
has the benefit of no waiting period before attempting to conceive. Therefore, MR-HIFU 
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might be a promising treatment for women desiring pregnancy, but the effect of MR-HIFU 
on fertility should be examined in more detail.

Our study demonstrated that MR-HIFU treatment was safe because the number of adverse 
events was acceptable. However, the treatment failure rate in this study was relatively high 
(12.1%). This could be partially explained by two learning curves of both radiologists with-
out prior MR-HIFU ablation experience.(35) Additionally, bowel-interference mitigation 
techniques were not implemented, which may have resulted in more treatment failures or 
low NPV% due to interposition of small bowel loops at the day of the MR-HIFU treatment.
(36) Furthermore, none of the patients with Funaki type 3 fibroids had successful MR-
HIFU treatment, underlining that these fibroids are difficult to treat and that better fibroid 
selection could further decrease the re-intervention rate.(22)

Limitations of this study were related to the design of a non-randomized, retrospective cohort 
study. Recall bias is a limitation as with all survey studies. In addition, the risk at a selection 
bias was high, because treatment choice was based on patients’ preference. Furthermore, 
two learning curves of the treating radiologists may have complicated the evaluation of 
our treatment results, but we expected that the treatment protocol subgroups were equally 
influenced because the second learning curve started during the unrestrictive treatments. 
Additionally, the treatment of Funaki type 3 fibroids affected our re-intervention analyses. 
Another study limitation is the difference in follow-up duration between the treatment 
protocols. Moreover, the mean NPV% was below 50% which is lower than achieved in 
more recently published studies.(13,28,37) This can be explained by operator experience, 
restrictive treatment guidelines and technological improvements. For example, the greater 
maximum depth of the Sonalleve V2 and the reduced cooling times with DISC, both result 
in larger NPV% (and subsequently lower re-intervention rates). Lastly, the assessment of 
NPV% was done immediately following MR-HIFU when apoptosis effects have not been 
completed yet.(38-40) Therefore, the NPV% are systematically underestimated.

Specific patient groups may benefit from MR-HIFU such as women with a desire to con-
ceive or as a bridge to menopause in older women. The best treatment option for uterine 
fibroids is influenced by a woman’s symptoms, age, pregnancy wish, fibroid location and 
patient’s preference.(41) Besides, final therapy is also influenced by fibroid characteristics 
since not all fibroids are suitable for each treatment strategy. This illustrates the importance 
of personalised healthcare for women with uterine fibroids.

Conclusions
The mean follow-up duration was 63.5 months, but all re-interventions were performed 
within 34 months. Importantly, no re-interventions were reported beyond 21 months in the 
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unrestrictive treatment protocol group. The NPV% was negatively associated with the risk of 
re-intervention, thus operators should aim for complete fibroid ablation. Unrestrictive MR-
HIFU treatments has led to acceptable re-intervention rates compared to other reimbursed 
uterine-sparing treatments.
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aPPendIx 2

questionnaire

Long-term outcomes after MR-HIFU therapy of uterine fibroids

questions answer yes no

Personal Information

1. What is your full name?

2. Did you become post-menopausal after the MR-HIFU treatment? □ □

3. If yes, when was your last period?

satisfaction and recovery

1. Were you satisfied with the MR-HIFU treatment? □ □

2. Would you recommend this treatment to a colleague or a friend? □ □

3. How many days after the MR-HIFU treatment did you return to your 
normal daily activities and/or work?

additional treatments

1. Did you have any other treatment(s) for fibroid-related symptoms after the 
MR-HIFU therapy?

□ □

2. If yes, was this due to the same uterine fibroid? Or due to other/new 
fibroids?

3. If yes, when was this additional treatment?
How many months after the MR-HIFU treatment was this?

4. If yes, what sort of additional treatment did you receive?

- Medication (drug therapy (hormonal) or spiral insertion)
- Embolization
- Surgical removal of the uterus (hysterectomy)
- Surgical removal of the fibroid (myomectomy)
- Hysteroscopic resection of the fibroid (Myosure)
- Other:
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5. If yes, did the MR-HIFU treatment change the kind of additional 
treatment?

Example: first, you were in need of a large abdominal surgery to remove the 
uterus, but after the MR-HIFU treatment your surgery became less invasive 
and the uterus was removed with a laparoscopic surgery or through the 
vagina.

□ □

6. May we contact your gynecologist for additional information? □ □

7. If yes, please fill in the contact information:

Name of the gynecologist:
Name of the hospital:
City:

The following question are about pregnancy outcomes. don’t answer 
these questions if you already completed family planning at the time of 
the MR-HIFU treatment.

Conception answer yes no

1. Did you have a desire for future fertility at the time of the MR-HIFU 
treatment?

□ □

2. How many months after the MR-HIFU therapy did you conceive?

3. Were there any miscarriages?
If yes, after how many weeks?

□ □

4. How many times have you been you pregnant after the MR-HIFU 
treatment?

5. If applicable, on which date(s) did you give birth?

6. Did you conceive spontaneously or with the help of a fertility treatment 
(e.g. IVF)?

Pregnancy

7. What was the duration of your pregnancy in weeks and days?
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8. Were you pregnant with twins or one, single baby?

9. Were there any complications during the pregnancy?

Examples: pain due to the uterine fibroid, threatened preterm labor, blood 
loss.

□ □

10. If yes, what kind of complications?

delivery

11. Did you give birth to a son or a daughter?

12. What was the birth weight?

13. What was the mode of delivery?

Example: caesarean section or vaginal.

14. Were there any complications during labor? □ □

15. If yes, what kind of complication(s)?

Examples: infection, excessive blood loss (fluxus), preterm birth, 
complications due to the uterine fibroid.

16. Did you deliver the baby at home or in the hospital?

additional information

17. May we contact your physician for additional information about your 
pregnancy?

□ □

18. Is yes, please fill in the contact information below:

Name of the hospital and/or midwife:
City:
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AbsTRAcT

objectives
Although biological characteristics of uterine fibroids (UF) have implications for therapy 
choice and effectiveness, there is limited MRI data about these characteristics. Currently, 
the Funaki classification and Scaled Signal Intensity (SSI) are used to predict treatment 
outcome but both screening-tools appear to be suboptimal. Therefore, multiparametric and 
quantitative MRI was studied to evaluate various biological characteristics of UF.

Methods
87 patients with UF underwent an MRI-examination. Differences between UF tissues and 
myometrium were investigated using T2-mapping, Apparent Diffusion Coefficient (ADC) 
maps with different b-value combinations, contrast-enhanced T1-weighted and T2-weighted 
imaging. Additionally, the Funaki classification and SSI were calculated.

Results
Significant differences between myometrium and UF tissue in T2-mapping (p=0.001), long-
TE ADC low b-values (p=0.002), ADC all b-values (p<0.001) and high b-values (p<0.001) 
were found. Significant differences between Funaki type 3 versus type 1 and 2 were observed 
in SSI (p<0.001) and T2-values (p<0.001). Significant correlations were found between 
SSI and T2-mapping (p<0.001;ρs=0.82), ADC all b-values (p=0.004;ρs=0.31), ADC high 
b-values (p<0.001;ρs=0.44) and long-TE ADC low b-values (p=0.004;ρs=0.31).

Conclusions
Quantitative MR-data allowed us to distinguish UF tissue from myometrium and to dis-
criminate different UF tissue types and may therefore be a useful tool to predict treatment 
outcome/determine optimal treatment modality.

Keywords
Uterine Fibroids, High-Intensity Focused Ultrasound Ablation, Magnetic Resonance Imag-
ing, Diffusion MRI
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InTRodUCTIon

Uterine fibroids (UF) are the most common benign smooth muscle cell tumors in the pelvic 
area among women. It is estimated that up to 70% of women develop UF during their fertile 
life.(1) Black women have the highest risk to develop UF. Hormone concentrations, growth 
factors and increased angiogenesis are thought to play an important role in the formation 
and growth of UF.(2)(3) The use of oral contraceptives and high parity tend to lower the 
risk.(4) Approximately 25% of women with UF suffer from symptoms.(5) UF are associated 
with a high morbidity and may lead to career delay.(4) The main symptoms can be classified 
into three categories: heavy or prolonged menstrual bleeding, bulk-related symptoms or 
reproductive dysfunction and obstetric difficulties.(6) Symptoms can be assessed using the 
Uterine Fibroid Symptom-Quality of Life questionnaire (UFS-QoL), a validated disease-
specific questionnaire including questions about symptom severity (transformed Symptom 
Severity Score; tSSS) and Quality of Life (QoL) (transformed Health-Related Quality of 
Life; tHRQL).(7)
Women suffering from symptomatic UF most commonly start with (hormonal) medication. 
When this is ineffective, more invasive treatment options such as the surgical interventions 
myomectomy or hysterectomy, are considered. Hysterectomy is the most frequently per-
formed gynecological procedure worldwide, with UF being its most important indication.
(8,9) Less invasive treatment options include Uterine Artery Embolization (UAE) and Mag-
netic Resonance-guided High Intensity Focused Ultrasound (MR-HIFU).(10) MR-HIFU 
is a non-invasive therapeutic modality which combines image guidance, using Magnetic 
Resonance Imaging (MRI), with a therapeutic High-Intensity Focused Ultrasound (HIFU) 
transducer.(8)
Because not all fibroids are suitable for a minimally invasive fibroid therapy,  an MRI is 
often performed to assess a patients’ eligibility.(11)(12) However, there is limited data about 
biological characteristics of uterine fibroids (UF) on histological level and on MR imaging. 
Based on what is known about the histopathology, multiple subtypes of uterine fibroids are 
recognized.(13) Uterine fibroids are composed of smooth muscle fiber bundles, surrounded 
by collagenous fibrous connective tissue containing blood vessels. Also different types of 
mast cells are present. The density of each of these cell types is different for the various types 
of uterine fibroids. Because of these differences, fibroids react differently on thermal abla-
tion. At this moment, there are no perfect imaging classifiers available to predict treatment 
outcome or to determine the optimal treatment modality for the individual patient.
The most commonly used classification system to predict the ultrasonic heating efficacy of 
UF is the Funaki classification. The Funaki classification divides fibroids into three subgroups 
based on the Signal Intensity (SI) of UF on T2-weighted (T2w) MR images compared to 
the SI of muscle and myometrium.(14)(15) Funaki type 3 fibroids can be unresponsive to 
MR-HIFU therapy, so are generally considered ineligible.(12) Funaki type 1 fibroids are 
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expected to be good candidates for MR-HIFU treatment whereas almost all Funaki type 
2 can be treated successfully (14), but varying treatment results have been reported.(16)
(17) This inaccuracy hampers the potential impact of MR HIFU treatment in UF patients. 
Therefore, the search for more discriminative parameters has started and further explorative 
research about biological characteristics of UF on MRI is needed.
To select patients for UAE, Kang et al. defined another screening tool based on T2w images, 
the so called Scaled Signal Intensity.(18,19) In contrast to the Funaki classification, the SSI 
score has a continuous numeric scale, and may therefore be more appropriate for screening 
when using a multiparametric MRI approach. To calculate the SSI the SI of a UF is scaled 
between 0-100 using the intensities of the rectus abdominis muscle and of subcutaneous fat 
as the minimum and maximum reference values for the scale, respectively. UF with a high 
SI on T2WI are more suitable for UAE. The SSI cutoff value to predict a volume reduction 
rate >50% after UAE was reported to be >18.16.(18,19) Park et al. observed a correlation 
between SSI and MR-HIFU treatment result, e.g. the non-perfused volume (NPV) percent-
age.(18,19) The SSI cutoff value to predict NPV>45% was <16.0, thus MR-HIFU is more 
effective in UF with a low SI on T2WI.(18,19) This difference between MR-HIFU and 
UAE might be due to the fact that fibroids with a high SI on T2WI are histopathologically 
correlated with high vascularity and proliferative activity which are both associated with a 
poor MR-HIFU treatment outcome.
In the past other, more quantitative, approaches have been explored to improve the screen-
ing of patients leading to improved therapy outcomes of MR-HIFU ablation of UFs.
A quantitative parameter that could be of interest for screening is the transverse relaxation 
time of the tissue (T2), which can be mapped using a T2-mapping pulse sequence with 
appropriate post-processing. Compared to T2w scans, T2-mapping has the benefit of being 
more independent of MRI settings and hardware imperfections (20), and does not require 
a reference tissue. Therefore, T2-mapping could be more useful for classification. It is ex-
pected that the values of the T2 relaxation time will reflect relevant UF tissue properties, in 
particular blood volume and interstitial fluid volume.  Histopathologically, UF with a long 
T2 relaxation time are correlated with higher water content, e.g. interstitial fluid or blood 
volume. These features are both associated with poor therapeutic efficacy of MR-HIFU. 
Additionally, it is difficult to elevate the temperature in high perfused tissues.(12)

In the current study, we also evaluated different combinations of b-values to investigate if 
characterization of UF tissue can be refined by adding information obtained from apparent 
diffusion coefficient (ADC) maps.  Andrews et al. reported that Funaki type 3 fibroids have 
higher ADC values compared to Funaki type 1 and 2 fibroids, which is indicative of in-
creased extracellular water content and/or blood volume.(21) Ikink et al. have demonstrated 
that the ADC in fibroid tissue is influenced by the choice of b-values and can contain 
information about the diffusion as well as the perfusion/blood volume in the UF.(22) A 
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significant decrease was seen in ADC values with the lowest b-values (0 and 200) between 
the ablated UF volume pre and post MR-HIFU treatment. An explanation for these obser-
vations may be that the ADC acquired for low b-values strongly reflects perfusion effects, 
i.e. the micro-circulation of blood in the capillaries of the UF.(22) Moreover, Funaki type 3 
fibroids demonstrate a higher pseudo diffusion coefficient compared to type 1 and 2 which 
could be related to higher vascularity.(21) Therefore, ADC might be useful to characterize 
UF tissue and to be able to distinguish between the different UF subtypes.
To possibly further characterize UF tissues, long-echo time (TE) ADC using low b-values was 
also investigated to emphasize not only the low blood perfusion, but also the T2 relaxation 
time. The amount of water is also expected to be different between leiomyoma subtypes. 
Therefore, better characterization of UF tissues could be provided by setting a longer echo 
time for the acquisition.

MeTHods

This single-center, prospective, explorative study was performed at the Gynecology and Ra-
diology departments of Isala Hospital, Zwolle, the Netherlands. This study was approved by 
the local ethics committee (registration number NL53499.075.15) and the hospital Board.

Patients
All patients presenting with UF symptoms at the gynecology outpatient clinic between De-
cember 2015 and June 2017 were evaluated for inclusion. Inclusion criteria were: UF con-
firmed on ultrasound, age over 18 years and pre- or peri-menopausal state. Exclusion criteria 
were: pregnancy, calcification of the UF, severe obesity or MRI contra-indications including 
contrast allergy. All eligible patients with symptomatic UF were offered to undergo an MRI 
examination regardless of their interest in MR-HIFU treatment. Potentially eligible patients 
for MR-HIFU therapy were counseled after the MRI. Results of the MR-HIFU treatments 
and post-treatment evaluation will be reported in a future paper. Informed consent was ob-
tained before the MRI or filling out the UFS-QoL questionnaire. The tSSS and the tHRQL 
were calculated from the UFS-QoL questionnaire resulting in a scoring range between 0 to 
100; higher scores indicate greater symptom severity or better QoL. Spies et al reported that 
fibroid patients at baseline scored 64.8 for the tSSS and 40.8 for the tHRQL and that the 
normal control group scored 15.3 for the tSSS and 92.8 for the tHRQL.(23) Patient (age 
and ethnicity) and UF (number of UF, fibroid volume and location) characteristics were 
compared between the three Funaki types and related to outcomes of the UFS-QoL.
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Imaging protocol
MRI scans were performed on a clinical 1.5-T MRI system (Achieva; Philips Healthcare, 
Best, the Netherlands). Patients were scanned in prone position. Sequence parameter settings 
are listed in table 1. The examination was started with a survey followed by a sagittal T2w 
multishot Turbo Spin Echo (TSE) (TSE factor 17; TE 125ms) and an axial T2w multishot 

Table 1: The MRI protocol with relevant imaging parameter settings.
T2w axial T2w

sagittal
T2-mapping dWI* dWI 

long Te**
Ce-T1w 

Scan type TSE***
multishot
TSE factor
18

TSE
multishot
TSE factor
17

GRASE†
multishot
TSE factor 12
EPI‡ factor 5

Single shot 
SE§-EPI
EPI factor
51

Single shot 
SE-EPI
EPI factor
51

3D FFE¶
TFE#
multishot
TFE factor
44

TE (ms) 110 125 n*20 64 140 2.6

TR†† (ms) 3656 6219 2438 2673 6715 5.4

Flip angle (˚) 90 90 90 90 90 10

Slice thickness (mm) 3.5 3.0 7.0 7.0 7.0 3.0

ACQ‡‡ Matrix 356x198 356x187 112x82 112x80 112x80 168x157

FOV§§ (mm) 250x180 250x180 250x188 250x188 250x188 250x250

ACQ Voxel size (mm) 0.7x0.88 0.7x0.94 2.23x2.23 2.23x2.26 2.23x2.26 1.5x1.49

Scan%¶¶ 77.3 73.0 98.2 95.6 95.6 94

NSA## 2 3 2 4 4 3

Half scan No No No Yes Yes No

Fat suppression No No SPIR††† SPAIR‡‡‡ SPAIR SPAIR

Scan duration (min:s) 2:48.2 3:31.5 2:55.5 6:51.6 4:35.3 2:31.2

* DWI: Diffusion Weighted Imaging
** TE: Echo Time
*** TSE: Turbo Spin Echo
† GRASE: GRadient And Spin Echo
‡ EPI: Echo Planar Imaging
§ SE: Spin Echo
¶ FFE: Fast Field Echo 
# TFE: Turbo Field Echo
†† TR: Repetition Time
‡‡ ACQ: Acquired
§§ FOV: Field of View
¶¶ Scan%: Scan percentage
## NSA: Number of Signal Averages
††† SPIR: Spectral Presaturation Inversion Recovery
‡‡‡ SPAIR: SPectral Attenuated Inversion Recovery
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TSE (TSE factor 18; TE 110ms) to identify anatomical structures within the pelvis. After 
administration of a contrast agent (DOTAREM®, 0.2 mL/kg; Gadoterate Meglumine, 0.1 
mmol/kg; Guerbet; Aulnay-sous-Bois, France) three-dimensional (3D) T1-weighted (T1W) 
spoiled gradient echo (FFE) images were obtained (table 1). Contrast-Enhanced (CE) im-
ages were used to assess viability of the UF. Furthermore, the study protocol consisted of 
short-TE (64ms) DWI and long-TE (140ms) DWI series using a fat-suppressed multi-slice 
single-shot spin echo-echo planar imaging (SE-EPI) sequence (table 1). To reduce the scan 
time, the multi-slice multi-echo sequence, T2-mapping, was performed using a multishot 
gradient and spin echo (GRASE) sequence with fat-suppression (table 1). Twelve echoes 
were acquired, with TE ranging from 20-240ms in 20ms increments. The quantitative imag-
ing protocol was obtained before the contrast administration. The total acquisition time of 
the MRI protocol was approximately 20 minutes.

generation of parameter maps

T2-mapping:
T2 maps were generated by voxelwise fitting of a mono-exponential function to the pixel 
signal intensity S for the different TEs, with T2 and S 0 as a fit parameters:

The first echo was omitted from the fit since it has a stimulated echo component in it.(24)

DWI:
DWI images were acquired with 7 b-values: 0,50,100,200,400,600 and 800 s/mm2. ADC 
maps from the DWI images were calculated by a voxelwise fit of a mono-exponential func-
tion to the pixel signal intensities (S) using the formula, with ADC and S 0 as fit parameters:

Three different ADC maps were calculated. The first ADC map was reconstructed with all 
measured b-values, the second ADC map with only the three lowest b-values (0,50,100 s/
mm2) and the third ADC map with only the three high b-values (400,600,800s/mm2). Four 
different b-values (0,50,100,200s/mm2) were acquired for the long-TE DWI sequence and 
the ADC map was derived using these low b-values.

Measurements
IntelliSpace Portal (ISP) software (version 8, Philips Healthcare, Best, The Netherlands) was 
used for calculating parameter maps and for the region-of-interest (ROI) analysis. In case of 
multiple UFs, the largest UF was chosen for analysis. The total UF volume was measured by 
drawing a Volume Of Interest (VOI) on the T2w images by using the tumor tracking ap-
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plication in ISP. A user-selected seed location was chosen at an initial slice, approximately in 
the center of the UF. Then, the system measured UF volume automatically and the observer 
manually adapted the segmentation when necessary. The following ROI placement protocol 
(figure 1) was used to determine the Funaki classification and SSI: 1) all measurements were 
performed on the axial slice of the T2w series (TE 110ms); 2) the circular ROI’s were manu-
ally drawn three times in 2D; 3) the median value was used for classification; 4) the ROI size 
was maximum while avoiding adjacent structures; 5) anatomical locations of the ROI’s were 
predefined, the UF tissue ROI (SIfibroid) was placed approximately in the center, the muscle 
ROI in the rectus abdominis muscle (SImuscle), the fat ROI in the subcutaneous abdominal fat 
(SIfat) and the myometrium ROI (SImyometrium) not close to the cervix, UF or endometrium.

After all ROI’s were drawn, the UF was classified as a Funaki type 1, 2 or 3 according to the 
following criteria: 1) SI equal to or lower than the SI of skeletal muscle; 2) SI higher than the 
SI of skeletal muscle, but lower than the SI of myometrium; 3) SI comparable to or higher 
than the SI of myometrium, respectively.
The SSI score was calculated with the following formula:

Finally, the SSI score was related to the Funaki classification. Furthermore, since Funaki’s 
method does not prescribe the amount of T2-weighting required, the currently used Funaki 
classification was reevaluated by comparing the Funaki distribution for T2w scans with four 

Figure 1: The ROI placement protocol used to determine the Funaki class and SSI of the uterine fi-
broid. All measurements were performed manually on the axial slice of the T2w series in 2D and were 
repeated three times. The ROI size was maximum while avoiding adjacent structures.
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different echo times. All ROI’s were drawn on the T2w images with TE 110ms as well as 
on the T2w images with 125ms and in the images of the corresponding echoes of the TSE 
sequence from the T2-mapping (TE 20ms and 60ms). Thus, each UF was classified four 
times. The Funaki distribution measured on 110ms was used for analysis since this is the 
standard TE in our local MRI protocol.
All T2 and ADC maps were evaluated to distinguish UF tissue from myometrium. On these 
maps, ROI’s were placed in the UF (center) and the uterine myometrium on the axial slices. 
Firstly, the ROI’s were drawn on the T2 and then copied onto the ADC maps with different 
b-value combinations and different echo times. The conventional T2w scans were used as a 
visual reference for the identification of UF tissue and myometrium. The measured T2 and 
ADC values were compared between the three Funaki types and related to the SSI score of 
the UF.

statistical analysis
To minimize random errors, all ROI measurements were performed three times by two 
observers. Per observer the median value was used for further analysis. To minimize the 
inter-observer variability, the ROI placement approach was standardized in the protocol 
as outlined above. All VOI, ROI data and mean values were stored in an Excel database 
(Microsoft). Statistical analyses were performed using IBM SPSS version 25 and R, version 
3.4.2, the R Foundation for Statistical Computing. Categorical data were presented as n(%). 
Continuous variables were presented as mean (±SD) in the case of a normal distribution, in 
the case of a skewed distribution the median (Q1-Q3) values were also reported. Distribution 
was assessed by the Shapiro-Wilk test, complemented by plots and the indices skewness and 
kurtosis. Differences between MR-parameters of UF tissue and myometrium were tested by 
means of the paired T-test or the Wilcoxon signed rank test. Correlations between continu-
ous variables (SSI score, MR-parameters, tSSS, tHRQL, age, UF volume) were investigated 
using Pearson’s/Spearman’s correlation. Additionally, to investigate categorical independent 
variables (Funaki classification and intra-uterine location of the UF) regression analysis was 
performed and dummy variables were used.

ResUlTs

In total, 87 women with symptomatic UF were included in this study (table 2). All included 
patients underwent an MRI examination and a typical example of the acquired MR images 
is shown in figure 2. Median age was 46.0 (42.0-49.0) years and the majority of the study 
participants were Dutch (73.6%). Most women had multiple UF (58.6%) with a median 
volume of 115.3 ml (31.2-248.3). Intramural location of the UF was frequent (56.3%) 
compared to a submucosal (21.8%) or subserosal location of the UF (21.8%).
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Funaki
Overall, 66.7% of the UFs were classified as Funaki 2 (5.7% as type 1 and 27.6% as type 3) 
when measured on the axial T2w images (TE 110ms). The distributions of the UF over the 
three Funaki types differed for the four TE (20ms, 60ms, 110ms and 125ms) (figure 3). The 
shorter the echo time used to determine the Funaki classification the higher the percentage 
of Funaki type 3 fibroids. Moreover, no Funaki type 1 fibroids were found when the Funaki 
classification was based on a scan with TE 125ms. Several significant differences were found 
in patient and fibroid characteristics between the three Funaki types; the UF volume was 
significantly higher (p=0.022) in the Funaki type 3 group (mean: 244.51 mL) compared 
to the Funaki type 2 (mean: 143.14 mL). The number of UFs was significantly higher 
(p=0.032) in the group of patients with Funaki type 1 fibroids (60.00% had more than 5 
fibroids) than the patients in the Funaki type 3 group (58.33% had only 1 UF).

Table 2: Patient characteristics.
Characteristic
Age (years) * 46.0 (42.0-49.0)

45.6 ± 5.4
Number of fibroids ** 1 36 (41.4)

2 14 (16.1)
3 15 (17.2)
4 4 (4.6)
5 or more 18 (20.7)

Fibroid location ** Submucosal 19 (21.8)
Intramural 49 (56.3)
Subserosal 19 (21.8)

Fibroid volume (mL) * 115.3 (31.2-248.3)
171.5 ± 182.0

Funaki classification ** 1 5 (5.7)
2 58 (66.7)
3 24 (27.6)

SSI † * 12.7 (6.3-25.1)
16.91 ± 13.19

tSSS ‡ *** 49.1 ± 21.0
tHRQL § *** 57.0 ± 23.9
Dutch ethnicity ** Yes 64 (73.6)

No 23 (26.4)

* median (interquartile range) and mean ± standard deviation
** n (%)
*** mean ± standard deviation
† Scaled Signal Intensity
‡ transformed Symptom Severity Score
§ transformed Health-Related Quality of Life
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Figure 2: Images of all the different MR-parameters used in the MRI protocol of this study. The purple 
dot represents the middle of the uterine fibroid. On the two left upper images, a single intramural 
uterine fibroid is shown with distortion of the uterine cavity. The signal intensity of the fibroid is 
lower than the uterine myometrium, but higher than the rectus abdominis muscle, so this is a Funaki 
type 2 fibroid. After administration of gadolinium on the T1-weighted image, there is homogeneous 
enhancement of the uterine fibroid which is less than the enhancement of the uterine wall (myome-
trium). The derived T2 map is shown on the right upper image. The reconstructed ADC maps with 
different combinations of b-values are demonstrated in the lower part of the image.
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Figure 3: Barplot showing distribution of patients over the three Funaki types on T2-weighted images 
with four different echo times (TE). The number of patients is shown on the Y-axis and the Funaki 
classification on the X-axis. The four different echo times (20ms, 60ms, 110ms and 125ms) are indi-
cated by different colors.



Chapter 4

96

ssI
The average measured SSI-score was 12.7 (6.3-25.1). A significant difference was seen be-
tween Funaki type 3 compared to Funaki type 2 (p<0.001) or Funaki type 1 (p<0.001) and 
also between Funaki type 1 and Funaki type 2 fibroids (p=0.001).

quantitative parameters
Significant differences were found between the normal uterine myometrium and UF tissue 
for the measured T2 values, the long-TE ADC map with low b-values and two of the three 
ADC maps, namely, the map derived from all b-values and the map derived from only high 
b-values (table 3). The ADC maps obtained with low b-values did not show a significant 
difference between UF and myometrium.

A significant difference in observed T2 values was seen between Funaki type 3 versus 1 
(p<0.001) or 2 (p<0.001) and Funaki type 2 versus 1 (p=0.005). The long-TE ADC with 
low b-values resulted in a significant difference between Funaki type 1 compared to Funaki 
type 2 (p=0.016) and type 3 (p=0.006). Moreover, significant differences were also observed 
in the ADC with all b-values (p=0.029) and ADC with high b-values (p=0.025) between 
Funaki type 3 versus Funaki type 2.
The SSI and quantitative MR-parameters showed significant correlations between the SSI and 
T2-mapping (p<0.001;ρs=0.82), ADC with all b-values (p=0.004;ρs=0.31), ADC with only 
high b-values (p<0.001;ρs=0.44) and long-TE ADC with low b-values (p=0.004;ρs=0.31).
Significant differences were found between the three Funaki types in SSI, ADC values and 
T2-mapping values. To possibly demonstrate these differences, the distribution of the three 
Funaki types for these MR-parameters is visualized in figure 4.

Table 3: Comparison of the observed T2 values and the ADC values (10-3 mm2/s) calculated with dif-
ferent combinations of b-values between uterine fibroids and myometrium.

Uterine fibroid Myometrium P-value

T2-mapping * 70.60 (58.70-
84.50)

78.30 (69.30-
86.40)

0.001**

b-values 0, 50, 100, 200, 400, 600, 800 *** 1.21 ± 0.24 1.39 ± 0.25 <0.001†

b-values 0, 50, 100 *** 3.18 ± 0.84 3.39 ± 1.01 0.110†

b-values 400, 600, 800 * 1.00 (0.90-1.10) 1.10 (1.00-1.20) <0.001**

Long-TE ADC b-values 0, 50, 100, 200 *** 2.49 ± 0.66 2.88 ± 0.93 0.002†

* median (interquartile range)
** Calculated using the Wilcoxon Signed Rank Test
*** mean ± standard deviation
† Calculated using the Paired T-Test
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UFs-qol
Patients had an average tSSS of 49.1±21.0 before the MRI examination and an average 
tHRQL of 57.0±23.9 (table 2). As expected, the tSSS and tHRQL were strongly correlated 
(p<0.001;r=-0.81). The tSSS showed significant differences between Funaki type 3 compared 
to Funaki type 2 (p<0.001) and Funaki type 1 (p=0.040) (figure 5). The tHRQL showed a 
significant difference (p<0.001) between Funaki type 3 compared to Funaki type 2 (figure 
5). Moreover, the tSSS was significantly different for ethnicity (p=0.030) and intra-uterine 
location of the UF; tSSS was significantly different for subserosal located UF compared 
with intramural (p=0.002) and submucosal UF (p=0.001). Subsequently, the tHRQL was 
also significantly different for ethnicity (p=0.015) and the location of the UF; tHRQL was 
significantly different for subserosal located UF compared with intramural (p=0.005) and 
submucosal UF (p=0.001).
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Figure 4: Pairs plot for correlation of descriptive variables and Scaled Signal Intensity (SSI) split by 
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variables are the T2-mapping values, the ADC with all b-values and the SSI.
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dIsCUssIon

In this study, an unselected patient population with UF underwent a multiparametric MRI 
examination to investigate differences between fibroid tissue types in T2 and ADC values 
and to compare the SSI score, patient characteristics and scores of the UFS-QoL between 
the three different Funaki types. We will discuss the investigated potentially discriminating 
parameters in detail below.
The three Funaki types showed differences in UF volume, indicating that Funaki type 3 
fibroids are in general larger. Funaki type 1 fibroids are not only smaller on average, but 
patients with Funaki type 1 fibroid also develop more UF compared to other Funaki types.
(25)
Importantly, Funaki and colleagues did not specify the scan protocol settings for the T2w 
images in the MRI protocol which they advised to use for their Funaki classification of UF. 
To investigate the effect of the strength of T2 weighting on the Funaki classification, we 
used different TE’s in the T2w scans used to determine Funaki type. The distribution of 
the Funaki classification was different depending on the echo time used which is important 
to realize. When using the 20ms and 60ms T2w images, more fibroids were classified as a 
Funaki type 3. This can be explained by the fact that the SI of myometrium and UF tissue 
on T2w images is more similar when the TE is shorter. In addition, the MRI scan must be 
of good diagnostic quality to evaluate anatomy and to detect incidental findings. Therefore, 
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Figure 5: Barplot demonstrating the relationship between the Uterine Fibroid Symptom-Quality of 
life (UFS-QoL) questionnaire. The Funaki classification is shown on the categorical X-axis with the 
UFS-QoL on the dual Y-axes. The transformed Symptom Severity Score on the left Y-axis is depicted 
with green bars, the right Y-axis and red line represent the transformed Health-Related Quality of Life. 
Data are presented in mean for each Funaki category including error bars (95% CI).
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the T2w images with a TE of 20ms or 60ms are not applicable for screening. When using 
a TE of 125ms, we did not find any Funaki type 1 fibroids. This can be explained by the 
fact that fibroids contains more water (in particular blood volume) than muscle, so the SI of 
muscle on T2w images with TE of 125ms is lower than the SI of UF. Moreover, less Funaki 
type 3 fibroids were seen with TE 125ms and more Funaki type 2 fibroid than with the other 
TE setting. The Funaki distribution seen at T2w images with 125ms might lead to a higher 
treatment failure rate due to allocation of UF to the Funaki type 2 group instead of Funaki 
type 3 group since it is known that treatment failures still occur in the Funaki type 2 group.
(26)(17) The true clinical impact of these findings should be investigated in the future, but 
it should be noted that the TE in the MRI protocol for T2w images greatly influences the 
distribution of the different Funaki groups. Furthermore, a standardized approach for the 
ROI-based measurements to determine Funaki has not been established yet. We propose a 
standardized ROI placement approach as described in our methods section because random 
measurements are prone to selection bias. In clinical practice, to determine the Funaki class 
of a UF is often performed by subjective visual assessment of the radiologist with an even 
higher risk for inaccuracy. Due to the heterogeneity of the SI of the UF on T2w images, a UF 
could be allocated to the Funaki type 2 group instead of the Funaki type 3 group.
Our findings provide additional insights into the suboptimal nature of the Funaki clas-
sification as a discriminator and tissue characterization is further limited because only three 
subclasses exist. The SSI on the other hand is a numeric variable and thus may be a more 
suitable tool for patient selection when using a multiparametric MRI approach. Park et 
al. noted that patients with a SSI-score of 16 or below having the highest change of an 
NPV>45% after MR-HIFU treatment.(18) When the SSI classification system described by 
Park et al. would have been used to determine suitability for MR-HIFU, only 52 patients 
would have been eligible. When considering Funaki type 1 and 2 eligible for treatment, 63 
of our 87 patients would have been suitable for MR-HIFU treatment.(14) When Funaki 
classification is used, more patients are eligible for MR-HIFU compared to SSI.
Significant differences between myometrium and UF tissue were found in all the parametric 
MR images, except the ADC with low b-values. The T2 value in the UF was considerably 
lower than the T2 value of the myometrium, presumably due to less hydration of UF tissue 
compared to myometrium.(27) This finding corresponds with the finding that the ADC val-
ues are higher for myometrium than UF tissue. However, the ADC map with low b-values is 
not useful in differentiating between UF tissue and myometrium indicating that diffusion/
perfusion characteristics of myometrium and UF tissue were similar. Ikink et al. suggested 
that ADC maps obtained with only low b-values emphasizes the perfusion contribution to 
the ADC.(22)
To differentiate UF types based on their diffusion/perfusion characteristics rather than on 
T2w images only, correlations with the SSI and Funaki classification were investigated. From 
all the combinations of ADC maps with different b-values, only the ADC map with the 
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low b-values did not correlate with SSI. This could be explained by the fact the ADC map 
with low b-values reflects tissue perfusion (22), and movement of water molecules is not 
detected with T2w imaging on which the SSI is measured. The Funaki type 3 UF showed 
a higher long-TE ADC value than a Funaki type 1, this could be expected since Funaki 
type 3 fibroids have a higher vascularity and an atypical Funaki type 3 UF could mimic 
leiomyosarcoma. Long-TE DWI can also be used to differentiate between malignant (high 
vascularity) and benign lesions, as demonstrated in previous studies, thus it might be a 
helpful screening tool to differentiate between UF tissues.(28,29) Furthermore, significant 
differences were also seen between the Funaki classification and the ADC high b-values and 
ADC all-values. The finding that Funaki differs with the ADC map with all b-values is in 
line with Andrews et al. who also suggested that Funaki type 3 fibroids exhibit higher ADC 
values than Funaki type 1 and 2, which implies increased extracellular water content and/or 
blood volume in Funaki type 3 fibroids.(21)
Quantitative T2-mapping was used to quantify UF tissue properties, in particular water 
content (including blood). Significant differences were found in observed T2 values between 
the three Funaki types and a strong correlation was found between the T2-mapping and SSI. 
Since all measurements are based on T2w images these findings were to be expected. The 
findings in this study may indicate that both SSI and T2-mapping are useful parameters to 
for the evaluation of UF tissue imaging features. The accuracy of the Funaki classification 
system is not sufficient to predict MR-HIFU treatment outcome.(30) A perfect classifier 
would correctly select treatable fibroids only based on their MR characteristics. Presumably, 
a multiparametric analysis would provide a more reliable prediction model for MR-HIFU 
treatment outcome. To optimize patient selection for MR-HIFU therapy, the screening SSI 
and T2-mapping values of the UF should be linked to treatment parameters to determine 
a cut-off value (as part of a prediction model). A previous study already suggested that 
T2-mapping could be the most valuable parameter for treatment outcome.(31)
In general, patients with a lower tSSS had a higher tHRQL as expected.(7)  Interestingly, 
tSSS outcomes of patients with Funaki type 3 UF were significantly higher than tSSS values 
of patients with Funaki type 1 and type 2 UF. In parallel, the tHRQL was significantly 
lower in patients with a Funaki type 3 UF compared to patients with a Funaki type 1 
or 2 UF. One could argue that Funaki type 3 fibroids generally grow faster due to their 
hypervascularity which could lead to a more immediate onset of symptoms and therefore 
impact on UFS-QoL questionnaire which only considers symptoms during the previous 3 
months.(7) Moreover, as mentioned earlier the UF volume is also higher compared to that of 
Funaki type 1 and type 2 UFs, which contributes to the tSSS. Furthermore, Dutch patients 
had a lower tSSS and an improved tHRQL compared to women with a different ethnicity. 
This may be explained by cultural differences in self-perception.(9) A submucosal location 
of the UF increased the tSSS and lowered the QoL. This outcome is not surprising, since a 
submucosal location of a UF leads to heavier bleeding and the tSSS part of the UFS-QoL 
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questionnaire consists of eight questions in total from which four questions are related to 
bleeding symptoms.
A strength of this study was that an unselected patient population of women suffering from 
UF was included in this study independent of interest in MR-HIFU treatment. This led to 
a heterogeneous UF patient population, reducing the risk of selection bias. Furthermore, to 
the best of our knowledge this is the first in vivo study to investigate the imaging features of 
the total UF patient population and associate these UF characteristics with patient charac-
teristics, symptom severity and QoL.  However, the skewed distribution of the patients in 
the Funaki classification together with the small sample size of the study resulted in statistical 
difficulties and therefore the outcomes of the Funaki type 1 group should be interpreted 
with caution. The skewed distributions are most likely explained by the fact that some leio-
myoma histological variants are more common than other subtypes.(13) We were unable to 
compare our findings with histology data, because biopsies are not routinely performed to 
confirm the diagnosis of UF. Due to the explorative nature of this study it seemed unethical 
to obtain pathological data, although future research to compare pre-treatment MR imaging 
with post-hysterectomy data would be valuable. Another limitation of this study was that the 
quality of some of the images was rather poor due to extrinsic (bowel or patient movement) 
reasons. Motion artefacts in the images made it more complicated to draw the ROI precisely. 
All ROI measurements were performed three times per observer for each tissue to minimize 
ROI placement errors. Often an outlier was seen in one of the ROI measurements and this 
outlier was eliminated by using the median value for analysis. Furthermore, when perform-
ing the ROI measurements, it was difficult to standardize the measurement of the uterine 
myometrium since the location of the UF influenced where the ROI in the myometrium 
could be placed. No agreements could be made in advance about the specific location for the 
ROI placement in the myometrium.
Further cluster analysis using a larger sample size (with a larger Funaki type 1 group) could 
reveal if a more objective way than the Funaki classification can be found to refine charac-
terization of UF. Moreover, to optimize patient selection for minimally-invasive treatment 
options of UF the predictive value of the quantitative MR-parameters should be correlated 
to treatment outcome such as NPV% and clinical follow-up.

Conclusions
This study showed that quantitative multiparametric MRI can differentiate between myo-
metrium and UF tissue in an unselected patient population with symptomatic UF. Between 
different UF tissues, a large variation in morphologic characteristics was found with the 
quantitative MR-parameters. The SSI and T2-mapping values appeared to be useful param-
eters for the evaluation of UF tissue imaging features, however these results should be linked 
to treatment outcome.
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sUPPleMenTaRy InFoRMaTIon

In order to validate this MRI protocol for measuring true T2 relaxation times, a calibrated 
phantom was used. Measurements using the calculated T2-map were compared to the 
calibration phantom values. Linear regression analysis showed a R2 of >0.99. The Intra 
Class Correlation Coefficient (ICC) between the calibration phantom and the mTSE T2 
relaxometry measurements was >0.99. This indicates an excellent reliability. Therefore, we 
concluded that the mTSE sequence can be used for measuring true T2 values with proper 
accuracy.
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AbsTRAcT

objectives
The clinical applicability of Magnetic Resonance image guided-High Intensity Focused 
Ultrasound (MR-HIFU) treatment of uterine fibroids is often limited due to inaccessible 
fibroids or bowel-interference. The aim of this study was to implement a newly developed 
3-step modified manipulation protocol and to evaluate its influence on the number of 
women eligible and treatment failure rate.

Methods
From June 2016 to June 2018, 165 women underwent a screening MRI examination 67 
women of whom were consecutively treated with MR-HIFU at our institution. Group 1 
(n=20) was treated the BRB manipulation protocol which consisted of sequential applica-
tions of urinary bladder filling, rectal filling and urinary bladder emptying. Group 2 (n=47) 
was treated using the 3-step modified manipulation protocol which included: 1) the BRB 
maneuver with adjusted rectal filling by adding psyllium fibers to the solution; 2) Trendelen-
burg position combined with bowel massage; 3) the Manual Uterine Manipulation (MUM) 
method for uterine repositioning. A comparison was made between the two manipulation 
protocols to evaluate differences in safety, the eligibility percentage and treatment failure rate 
due to unsuccessful manipulation.

Results
After implementing the 3-step modified manipulation protocol, our ineligibility rate due to 
bowel-interference or inaccessible fibroids decreased from 18% (16/88) to 0% (0/77). Our 
treatment failure rate due to unsuccessful manipulation decreased from 20% (4/20) to 2% 
(1/47). There were no thermal complications to the bowel or uterus.

Conclusions
Implementation of the 3-step modified manipulation protocol during MR-HIFU therapy of 
uterine fibroids improved the eligibility percentage and reduced the treatment failure rate.

Keywords
Uterine fibroids, MR Guided Interventional Procedures, High-Intensity Focused Ultra-
sound Ablation, Patient Selection
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InTRodUCTIon

Magnetic Resonance image guided-High Intensity Focused Ultrasound (MR-HIFU) has 
been a treatment option for uterine fibroids since 2004. MR-HIFU has been proven to 
be safe and effective in reducing fibroid-related symptoms and fibroid size.(1,2) Although 
the treatment has emerged as the only noninvasive interventional therapy, MR-HIFU has 
not been widely adopted into regular care up to now. It seems plausible that a combination 
of factors is responsible for this such as technical limitations and clinical availability but 
also familiarity of the gynecologist with such expertise. Technical limitations of MR-HIFU 
treatment include the duration of the treatment, the focal depth and maximum power of 
the HIFU system and the relatively low eligibility percentage compared to hysterectomy and 
embolization.(3,4) The number of referred patients with fibroids suitable for MR-HIFU 
therapy in previously reported studies ranged from 14-74% depending on the used selection 
guidelines.(5-7) A screening MRI examination is performed to assess technical eligibility, 
but it remains difficult to predict MR-HIFU treatment outcome based on imaging charac-
teristics. Moreover, even when eligible patients undergo MR-HIFU therapy the risk for an 
unsuccessful treatment persists. A frequent reason for ineligibility and failure of MR-HIFU 
therapy was the interposition of bowel loops in the acoustic pathway.(8,9) Interestingly, it 
was reported that interposed bowel loops occurred in the expected sonication path on the 
treatment day while there was no interposition present on the screening MRI examination.
(10) This finding suggested a reversible situation and therefore manipulation techniques 
have been widely implemented. The most common technique to displace bowel loops was 
described by Park et al. This technique includes sequential applications of urinary bladder 
filling, rectal filling and bladder emptying, is also referred to as the BRB maneuver.(10) 
However, the problem of bowel-interference can still persist when the BRB maneuver fails. 
In our center, a newly developed manipulation protocol was implemented which consisted 
of three different manipulation techniques. This gave us the opportunity to evaluate the 
difference between two manipulation protocols with respect to the eligibility percentage and 
treatment failure rate due to unsuccessful manipulation.

MaTeRIal and MeTHods

This prospective single-center study was conducted from June 2016 to June 2018. This study 
(registry number NL56182.075.16) was approved by our local Research Ethics Committee 
(number: 16.0479). Information about the medical history of patients was retrieved from 
medical records. Informed consent was obtained from all patients.
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Patients
All women presenting with fibroid-related symptoms at the gynecology outpatient clinic 
were evaluated for inclusion. Eligible patients were offered to undergo an MRI examination 
and their symptom severity and quality of life was assessed with a validated disease-specific 
questionnaire.(11) Inclusion criteria were uterine fibroids confirmed on ultrasound, age over 
18 years and pre-, or peri-menopausal state. Exclusion criteria were: pregnancy, calcification 
of the uterine fibroid, severe obesity or MRI contra-indications including contrast allergy. 
These inclusion and exclusion criteria remained the same, independent of the used manipu-
lation protocol.

screening MRI examination
The screening MRI protocol (table 1) to assess patient suitability for MR-HIFU treatment 
consisted of three-dimensional (3D) T2-weighted imaging and contrast-enhanced (CE) 
T1-weighted imaging immediately after administration of a contrast agent (DOTAREM®, 
0.2 mL/kg; Gadoterate Meglumine, 0.1 mmol/kg). All MRI examinations were evaluated 
by radiologists with MR-HIFU experience. The position of the uterus, the number of 
fibroids, fibroids location, the presence of bowel-interference and abdominal scar tissue were 
reported. One researcher (I.V.) performed all measurements on the screening MRI examina-
tion including: the thickness of the subcutaneous abdominal fat layer, maximum diameter 
and fibroid volume by semi-automatic segmentation in IntelliSpace Portal (ISP) software 
(Philips Healthcare). Signal intensity (SI) of the fibroid on T2w images was compared to 
the SI of the rectus abdominis muscle and the myometrium and the fibroid was classified 
according to the Funaki classification.(12)

Patient selection for MR-HIFU
Potentially eligible patients for MR-HIFU therapy were selected based on the screening MRI. 
Exclusion criteria for MR-HIFU included: current pregnancy, fat layer <4cm, concomitant 
adenomyosis, Suspicion of malignancy on screening MRI, no contrast-enhancement of the 
targeted fibroid on the T1w image, maximum diameter of the dominant fibroid <1cm, 
>10 uterine fibroids (without one or two large dominant fibroids explaining the clinical 
symptoms of the patient), excessively high T2 signal of the targeted fibroid compared to the 
myometrium on the T2w image or an inaccessible targeted uterine fibroid (despite the use of 
manipulation techniques the depth of the posterior wall of the targeted uterine fibroid will 
be >10cm from the abdominal wall).
The choice to undergo MR-HIFU therapy was based on patient preference. In total, 165 
women consecutively underwent a screening MRI examination during the study period of 
which 99 patients seemed eligible and 67 women were consecutively treated with MR-HIFU 
(figure 1). To evaluate the influence of the used manipulation protocol on the eligibility per-
centage and treatment failure rate, two study cohorts were compared (figure 1). Group A: 88 
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women were screened of which 41 seemed eligible and 20 patients consecutively underwent 
MR-HIFU therapy (group 1). If indicated, these first 20 patients received manipulation 
techniques according to protocol 1. Group B: 77 women were screened of which 58 seemed 
eligible and 47 patients consecutively underwent MR-HIFU therapy (group 2). If indicated, 
these last 47 patients received manipulation techniques according to protocol 2.

Patient preparation
Pre-operative evaluation was performed before the MR-HIFU procedure for anesthetic risk-
assessment. All patients fasted six hours prior to therapy and were asked to shave their lower 
abdomen and pubic region. Patient preparation was performed at the nursing department. 

Table 1: MRI protocol.
survey T2WI * Ce ** - T1WI ***

Sequention type TFE § 3D † TSE ‡ 3D FFE §

TE
 ¶ (ms) 4.61 130 2.6

TR # (ms) 7.7 1425 5.4

Slice thickness (mm) 15.0 3.0 3.0

Fat suppression No No SPAIR ††

ACQ ‡‡ Matrix 256 x 128 208 x 181 168 x 157

FOV §§ (mm) 450 x 450 250 x 250 250 x 250

ACQ Voxel size (mm) 1.76 x 3.52 1.20 x 1.38 1.49 x 1.58

Scan% ¶¶ 50.0 87.3 94.0

NSA ## 1 2 3

Half scan No 0.78 No

Flip angle (˚) 25 90 10

Scan duration 00:11.3 min 3:50.8 min 2:31.2 min

Specific details TFE § factor=128 TSE ‡ factor=83 TFE § factor=44

* T2WI: T2-weighted imaging
** CE: Contrast Enhanced
*** T1WI: T1-weighted imaging
§ TFE: Turbo Field Echo
† 3D: Three Dimensional
‡ TSE: Turbo Spin Echo
§ FFE: Fast Field Echo
¶ TE: Echo Time
# TR: Repetition Time
†† SPAIR: SPectral Attenuated Inversion Recovery
‡‡ ACQ: Acquired
§§ FOV: Field Of View
¶¶ Scan%: Scan percentage
## NSA: Number of Signal Averages
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Bowel preparation was done using a fast-acting Microlax micro-enema. A single-dose (1 tube 
of 5 mL) was administered rectally. Patients received oral premedication which included 
paracetamol 1000 mg, diclofenac 100 mg and oxycodone 10 mg. A Foley catheter and 
intravenous line were inserted directly before treatment.

Manipulation techniques
When required, manipulation techniques were applied to achieve the optimal position of 
the targeted uterine fibroid to allow for complete ablation. The optimal position was defined 
as; targeted uterine fibroid being entirely accessible by the system without interposition 

Figure 1: Flow diagram.
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of critical structures in the near and far field of the beam pathway.  At the start of the 
MR-HIFU treatment, patients were placed into prone position on the MRI table. A gel 
pad and degassed water were used for acoustic coupling. A survey MR image and T2w 
3D planning images were obtained to reassess the location of the uterine fibroid. None 
of the manipulation techniques were applied if the anatomical location of the fibroid was 
optimal on the T2w 3D planning images. Manipulation techniques were indicated when 
the targeted uterine fibroid was (partially) inaccessible or interposition of critical structures 
were observed in the beam pathway. These manipulation techniques were applied using two 
different protocols:

Protocol 1 (n=20 treatments): the BRB maneuver which included sequential applications 
of urinary bladder filling, rectal filling and urinary bladder emptying.(10) Bladder filling 
was performed by manually squeezing a plastic bag of saline connected to the side arm of 
a clamped Foley catheter. The amount of urinary filling ranged from 100-500 mL and was 
adjusted to patient tolerance. The rectum was filled with multiple syringes (60 mL) using 
a solution of ultrasound gel (30 mL) and saline solution (30 mL) via a rectal catheter. The 
amount of rectal filling ranged from 240-480 mL, based on patient tolerance. To facilitate 
bladder emptying, natural drainage was allowed by declamping the catheter. The BRB 
maneuver required an additional 30 minutes.

Protocol 2 (n=47 treatments): the 3-step modified manipulation protocol.
1) The BRB maneuver with modified rectal filling in order to ensure a consistent and greater 

anterior displacement; compared to the above described BRB technique, the rectum was 
not filled with ultrasound coupling gel alone, but with a modified solution by adding 
1 sachet (3.4 gram) of psyllium fibers (Metamucil®) to the 60 mL syringe. This BRB 
manipulation moved the fibroid anteriorly or displaced bowel loops (figure 2-4).

2) Trendelenburg position with bowel massage; patients were positioned into Trendelenburg 
position to move the small bowel out of the pelvis (figure 5-6). Additionally, abdominal 
massage was performed on both sides of the lower abdomen with movements towards the 
upper abdomen. This technique was used when the uterine fibroid was located ventrally 
(anteverted uterus) and the BRB maneuver failed to succeed. The extra time spend on 
patient positioning was approximately 45 minutes.

3) Manual Uterine Manipulation (MUM); A retroverted position of the uterus required 
manual repositioning into anteflexion. To prepare for MUM, the urinary bladder was 
filled with saline to prevent the interposition of bowel loops during anteversion. After-
wards, we fixated the position of the uterus (figure 4) with rectal filling and/or the use 
of a disposable plastic vaginal speculum (Bridea Medical). The speculum was kept out of 
the beam pathway to avoid potential interference in the ultrasonic energy field. When 
the uterine fibroid was located dorsally (anteverted uterus) in the recto-sigmoid region 
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(or when the BRB maneuver failed to succeed), the operator used the MUM method for 
repositioning of the uterine fibroid itself (figure 7-9). On average, MUM required 15 
minutes.

Figure 2: The screening MR images are shown on the left (2a and 2f ) of two different patients who 
underwent MR-HIFU therapy. On treatment day, manipulation techniques were applied to achieve 
optimal patient positioning. The pre-treatment T2w 3D images (2b) of the first patient demonstrated 
an increased distance between the fibroid (yellow star) and the abdominal wall, contrary to our expec-
tations based on the screening MRI (2a). A combination of bladder filling (2c; purple dot) and rectal 
filling with saline solution, ultrasound gel and psyllium fibers (2d; green cross) moved the fibroid ante-
riorly. Bowel-interference was expected in the second patient, based on the screening MR images of the 
targeted fibroid (2f; yellow star). To displace the bowel loops, the BRB maneuver was used which in-
cluded sequential applications of urinary bladder filling (2g; purple dot), rectal filling (2h; green cross) 
and bladder emptying (2i).  Figure 2e and 2j show the immediately post-HIFU contrast-enhanced 
T1w images. Specific treatment planning images are provided in the supplemental information.

Figure 3: Supplementary information figure 2a-e. The left image shows the sagittal T2w treatment 
planning image before manipulation. The uterine fibroid is inaccessible for MR-HIFU therapy which 
is demonstrated by the white cross in the blue treatment cell. The blue ATA overlay represents the focal 
depth of the MR-HIFU system. To allow for complete ablation, the targeted fibroid should be moved 
anteriorly. The middle and right image show the position of the targeted fibroid after manipulation 
techniques were apllied. The fibroid is now entirely accessible by the treatment cell (blue without white 
cross) and there are no critical structures observed in the (yellow lines) beam pathway or the safety 
margin (orange box).
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Figure 4: Supplementary information figure 2f-j. The left image shows the sagittal T2w treatment 
planning image before manipulation. The posterior part of the uterine fibroid is inaccessible for MR-
HIFU therapy which is demonstrated by the white cross in the blue treatment cell. Only the anterior 
part of the fibroid could be treated with sonications through the bladder without the use of manipula-
tion techniques, but the fibroid should be entirely accessible to allow for complete ablation. Moreover, 
sonications through the bladder are not desirable because the distance between the fibroid and ab-
dominal wall would increase during MR-HIFU therapy due to urine inflow. Therefore, manipulation 
techniques were applied to achieve an optimal acoustic window.

Figure 5: A patient with a symptomatic uterine fibroid (yellow star) located in the anterior wall of the 
uterus. On the screening MR images (5a), there was no interposition of bowel loops observed. How-
ever, on the MR-HIFU treatment day, manipulation techniques were necessary to prevent treatment 
failure due to the (unexpected) interposition of small bowel loops (turquoise arrows). First, the BRB 
maneuver (figure 5b and 5c) was performed to displace the bowel loops. In some cases, the bladder 
filling will only cause an upwards movement of the uterus (5c). Therefore, this patient was placed into 
supine position and Trendelenburg (5d). Additionally, abdominal massage was performed on both 
sides of the lower abdomen with movements towards the upper abdomen (5d). After five minutes, the 
patient was returned in prone position and the MR images showed no longer interposition of bowel 
loops (5e). Figure 5f shows the post-HIFU contrast-enhanced T1w image. Specific treatment planning 
images are provided in the supplemental information.
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Figure 6: Supplementary information figure 5. The left image shows the sagittal T2w treatment plan-
ning image before manipulation. The targeted uterine fibroid is entirely accessible for MR-HIFU 
therapy as shown by the planned treatment cell (no white cross). However, there is interposition of a 
small bowel loop observed in the near field. To proceed safely with the MR-HIFU treatment, manipu-
lation was required. The middle image shows that bladder filling moved the fibroid upwards, but there 
is still interposition of a small bowel loop. The right image shows the T2w treatment planning image 
after manipulation which shows that the fibroid can be safely and completely ablated.

Figure 7: The screening MR images (7a and 7e) of two different cases are shown to illustrate the 
Manual Uterine Manipulation (MUM) method. Figure 7a shows the screening MR image of a uterine 
fibroid (yellow star) located in the retroverted uterus. To create an acoustic window for MR-HIFU 
treatment, anteversion of the uterus was required since bladder and rectal filling was not sufficient 
(7b). The MUM method was used to reposition the uterus (7c). In this case, rectal filling and a plastic 
speculum (blue arrowhead) were used for fixation of the uterine position. A speculum is necessary 
when the fibroid cannot be fixated with rectal filling only. Figure 7e shows the screening MR images 
of a retroverted uterus with a single pedunculated uterine fibroid (yellow star). Bladder filling was 
performed to prepare for manual repositioning (7f ), this prevents the interposition of bowel loops 
during the MUM method of the uterine fibroid. After anterior displacement of the uterine fibroid, 
rectal filling was used for fixation and the bladder was emptied (7g), and the fibroid was accessible 
for MR-HIFU therapy. Figure 7d and 7h show the immediately post-HIFU contrast-enhanced T1w 
images. Specific treatment planning images are provided in the supplemental information.
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MR-HIFU treatment
MR-HIFU treatments were performed using a clinical HIFU system (Sonalleve, V1, 
Profound Medical Inc) integrated into a 1.5-T MR scanner (Achieva; Philips Healthcare). 
Three radiologists (R.v.d.H.; E.d.B.; M.v.t.V.t.K.) carried out all the MR-HIFU proce-
dures. Procedures were performed on an outpatient basis under conscious sedation using 
propofol-fentanyl. During MUM, a bolus of propofol was given to induce moderate-deep 
sedation followed by supplemental boluses if required. If necessary, Buscopan® (butibrometo 
escopolamina) was administered intravenously (multiple times) to decrease bowel motion 
because the HIFU system is sensitive to motion artefacts. Respiration-related motion ar-
tefacts were managed with breath-hold instructions, especially when the targeted fibroid 
was small (<3cm). Post-treatment CE-T1w images were obtained to visualize the treatment 
result, called the Non-Perfused Volume. The Non-Perfused Volume (NPV) post-treatment 
was measured and the NPV% was calculated (the NPV divided by the fibroid volume).

Figure 8: Supplementary information figure 7a-d. T2w 3D treatment planning images after manipula-
tion. The left image shows a larger treatment cell which can be used to ablate more fibroid tissue during 
one sonication. The middle image shows a smaller treatment cell which reduces the size of the safety 
margin box en the beam pathway. The axial and sagittal images show that the speculum kept out of the 
safety margin box and far field of the beam pathway to ensure safety of the intestinal tract.

Figure 9: Supplementary information figure 7e-h. T2w 3D treatment planning images after manipula-
tion. The axial and sagittal images show that the small bowel loops were kept out of the safety margin 
box and near field.
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ResUlTs

Group 1 (n=88) resulted in an ineligibility percentage of 53% (47/88) based on the screen-
ing MRI (table 2), of which 18% (16/88) was due to the fibroids’ location (a retroverted 
uterus or bowel-interference).
Group 2 (n=77) showed an ineligibility percentage of 25% (19/77) of which 0% (0/77) was 
due to bowel-interference or a retroverted uterus (table 2). Thus, our ineligibility rate due to 
the location of the uterine fibroid decreased from 18% to 0%.

In total, we treated 67 women with 91 symptomatic uterine fibroids. The baseline charac-
teristics of the patients are shown in table 3. The mean NPV% immediately post-treatment 
was 60.0±35.9%. There were no complications or thermal injuries to the bowel or uterus 
reported.

Table 2: Reasons for ineligibility of patients for MR-HIFU based on screening MR images: a compari-
son between two manipulation treatment protocols.

Reason for ineligibility:

group a: 
BRB* maneuver 
protocol
(n=88/165 screened)

group B: 
3-step modified 
manipulation protocol 
(n=77/165 screened)

Subcutaneous fat layer >4cm 3 (3.4) 4 (5.2)

Fibroid size 3 (3.4) 2 (2.6)

>10 fibroids 8 (2.4) 1 (1.3)

(Concomitant) adenomyosis 4 (4.5) 7 (9.1)

No enhancement on CE-T1WI** 1 (1.1) 2 (2.6)

Large abdominal scar 1 (1.1) 0 (0.0)

Excessively high signal intensity on T2WI*** 11 (12.5) 1 (1.3)

Uterus RVF † 6 (6.8) 0 (0.0)

Fibroid’s location/interposition 10 (11.4) 0 (0.0)

Claustrophobia 0 (0.0) 1 (1.3)

Possible malignancy 0 (0.0) 1 (1.3)

Total ineligible 47/88 (53.4) 19/77 (24.7)

Data presented as n (%).
* BRB: Bladder filling, Rectal filling, Bladder emptying
** CE-T1WI: contrast-enhanced T1-weighted imaging
*** T2WI: T2-weighted imaging
† RVF: retroverted position of the uterus
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Table 3: Baseline patient characteristics.
Characteristic

Age (years) 44.0 ± 7.0

BMI * (kg/m2) 24.98 ± 3.56

Subcutaneous fat layer (cm) 2.16 ± 1.11

History of pregnancy Yes 41 (61.2)

No 26 (38.8)

History of prior medical treatment Yes 44 (65.7)

No 23 (34.3)

Abdominal scar present 12 (18.2)

Baseline tSSS** 49.9 ± 16.3

Baseline tHRQL *** 57.5 ± 19.9

Uterine position Anteverted 55 (82.1)

Retroverted 12 (17.9)

Number of fibroids 1 27 (40.3)

2 14 (20.9)

3 13 (19.4)

4 4 (6.0)

5 4 (6.0)

>5 5 (7.5)

Number of fibroids treated 1 56 (83.5)

2 4 (6.0)

3 5 (7.5)

4 1 (1.5)

5 1 (1.5)

Fibroid location (FIGO†) Submucosal 24 (26.4)

Intramural 23 (25.3) 

Submucosal 29 (31.9)

Hybrid 15 (16.5)

Funaki classification 1 8 (8.8)

2 74 (81.3)

3 9 (9.9)

Fibroid volume (cm3) 133.10 ± 207.06

Maximum diameter (cm) 5.78 ± 3.29

Data presented as mean ± standard deviation or n (%).
* BMI: Body Mass Index
** tSSS: transformed Symptom Severity Score 
*** tHRQL: transformed Health-Related Quality of Life
† FIGO: Fédération Internationale de Gynécologie et d’Obstétrique.
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Group 1 (n=20) received the following manipulation techniques (table 4): urinary filling 
only (n=1), rectal filling only (n=1) or a combination of urinary and rectal filling (n=12). 
This was necessary due to the following reasons (multiple reasons in some cases): interposi-
tion of bowel loops (n=9), to decrease the distance (n=3), to move the fibroid cranially 
(n=1) or a retroverted uterus (n=1). In two cases, an abdominal scar was present in the 
expected beam pathway and therefore a scar patch was used to prevent the risk of skin burns. 
However, during the treatment it appeared that a too large portion of the ultrasound beam 
was reflected which resulted in failed treatments because the required thermal dose could not 
be delivered to the fibroid.

Despite the use of the BRB maneuver, still 20% of our treatments failed due to the interposi-
tion of bowel loops (table 5). In these patients, no interposition of bowel loops was observed 
on the screening MR images.
Group 2 (n=47) received the following mitigation strategies (table 4): rectal filling only 
(n=4), a combination of urinary and rectal filling with psyllium fibers (n=12), MUM (n=8), 
Trendelenburg position with bowel massage (n=4), extra gel pad (n=1) and endo-rectal coil 
(n=1). This was necessary due to the following reasons (multiple reasons in some cases): 
interposition of bowel loops (n=15), to decrease the distance (n=10), BRB failure (n=4) or 
a retroverted uterus (n=5). The extra gel pad was used once as adjuvant bowel repositioning 
technique because interposed bowel loops were seen in the sonication pathway cranially 
from the uterine fibroid.

Table 4: Comparison of the manipulation techniques for MR-HIFU treatments using the two differ-
ent manipulation protocols.

Manipulation techniques 
Group 1: 
BRB * maneuver 
(n=20/67)

Group 2: 3-step modified 
manipulation protocol 
(n=47/67)

None 6 (30.0) 17 (36.2)

Manipulation with: 14 (70.0) 29 (61.7)

- Urinary filling 1 (5.0) 0 (0.0)

- Rectal filling 1 (5.0) 4 (8.5)

- BRB 12 (60.0) 12 (25.5)

- Trendelenburg + bowel massage 0 (0.0) 4 (8.5)

- MUM ** 0 (0.0) 8 (17.0)

- Extra gel pad 0 (0.0) 1 (2.1)

- Endo-rectal coil 0 (0.0) 1 (2.1)

Data presented as n (%). 
* BRB: Bladder filling, Rectal filling, Bladder emptying
** MUM: Manual Uterine Manipulation
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By implementing the 3-step modified manipulation protocol, our treatment failure rate 
due to the interposition of bowel loops decreased from 20% (4/20) to 2% (1/47). Only 
2% (1/47) of the MR-HIFU treatments failed because the 3-step modified manipulation 
protocol was not sufficient to provide an unobstructed acoustic window on the fibroid (table 
5). In this specific case, the fibroid was located in the recto-sigmoid region while the uterus 
was already anteverted. Eventually this patient was treated successfully because an endo-
rectal coil filled with saline solution was inserted which caused anterior displacement of the 
uterine fibroid (figure 10-11).

Table 5: Reasons for treatment failures compared between the two manipulation protocols for MR-
HIFU therapy.

Reason for failure
group 1: 
BRB * maneuver 
(n=20/67)

group 2: 3-step modified 
manipulation protocol 
(n=47/67)

Interposition 4 (20.0) 1 (2.1)

Scar patch 2 (10.0) 0 (0.0)

Motion artefacts 1 (5.0) 0 (0.0)

Inadequate heating 1 (5.0) 3 (6.4)

Patient discomfort 0 (0.0) 1 (2.1)

Device malfunction 0 (0.0) 1 (2.1)

Total 8/20 (40.0) 6/47 (12.8)

Data presented as n (%).
* BRB: Bladder filling, Rectal filling, Bladder emptying

Figure 10: Pre-treatment MR images showed a uterine fibroid located on the posterior wall of an 
anteverted uterus (10a). The image on the left shows the position of the fibroid without manipulation 
(yellow star). The BRB and MUM technique both failed to move the uterine fibroid anteriorly (10b). 
Therefore, a rectal balloon device (prostate endo-rectal coil; orange square) was inserted (10c). The 
endo-rectal coil was filled with water and surrounded by the ultrasound gel. The inflatable endo-rectal 
device caused anterior displacement of the uterine fibroid which is now accessible for MR-HIFU treat-
ment. Figure 10d shows the post-HIFU contrast-enhanced T1w image. Specific treatment planning 
images are provided in the supplemental information.
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dIsCUssIon

The aim of this study was to evaluate the effect of a 3-step modified manipulation protocol 
developed by us to improve the eligibility percentage and treatment failure rate of MRI-
HIFU for uterine fibroids.
After implementing our 3-step modified manipulation protocol, the location of the uterine 
fibroid on screening MR images was no longer a reason for ineligibility which drastically 
improved our eligibility percentage. An eligibility percentage of 75% is one of the highest 
reported to date.(1,2) Although Zaher et al. reported that 74% of the patients in their study 
was suitable for MR-HIFU, patients in their study with large or multiple fibroids were not 
excluded and 38% required two MR-HIFU sessions.(7) A more recently published study 
also described the use of bowel-interference mitigation strategies and reported an eligibility 
percentage of 72%.(7,9) With more liberal inclusion criteria MR-HIFU treatment can be 
offered to the majority of the referred patients with symptomatic uterine fibroids.
Comparison of treatment failures due to unsuccessful manipulation between the two pro-
tocols showed a reduction of 18%, which is an important improvement from a clinical 
perspective. This result may be biased by the fact that a learning curve (negatively) influ-
enced our treatments in group 1.(13) However, it is also plausible that the patients in group 
2 were more difficult manipulation cases because a difficult location of the fibroid was no 
reason for exclusion. The learning curve also coincided with the decision that not all Funaki 
type 3 fibroids were excluded in group 2. This decision, as expected, led to more treatment 
failures due to inadequate heating. Dropping this exclusion criterion negatively influenced 
the treatment failure rate in group 2. Despite the all above mentioned more liberal inclusion 

Figure 11: Supplementary information figure 10. T2w 3D treatment planning images after manipu-
lation. The axial and sagittal images show sonications through the bladder to achieve a free acoustic 
window. The endo-rectal coil was kept out of the safety margin box and far field of the beam pathway 
to ensure safety of the intestinal tract.
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criteria, we still managed to reduce our overall treatment failure rate and we eliminated the 
problem of bowel-interference (in a relatively high-volume experienced MR-HIFU center).
To share our experience with the different manipulation techniques applied in this study, we 
will discuss the details of each approach further below.
To prevent the displaced bowel loops from moving downwards, maintenance of urinary 
bladder filling was sometimes necessary. This is not desirable because a clamped Foley cath-
eter results in an upwards movement of the uterine fibroid due to inflow of urine. This may 
lead to misregistration between the real location of the fibroid and the treatment planning 
images, this can be monitored by placing markers. To solve this issue, renewed T2w planning 
images can be obtained in-between sonications, although this is lengthening the procedure. 
However, the already performed sonications will remain at their original (incorrect) position 
due to misregistration. This could lead to partially ablated fibroids, but development of MR 
registration could overcome this problem and therefore enhance treatment efficacy.
In our experience, rectal filling with ultrasound gel only was suboptimal because the gel 
slowly migrates proximally which led to displacement of the uterine fibroid during the 
therapy. Park et al. reported that the rectal distention was usually maintained for almost an 
hour (10), but the duration of the MR-HIFU therapy is generally a couple of hours. There-
fore, psyllium fibers were added to the fluid used for rectal filling. Psyllium fibers have been 
widely used for radiological examinations of the bowel as a water-soluble contrast-agent.(14) 
The adjusted rectal filling applied firm pressure during the total length of the MR-HIFU 
procedure. Moreover, the uterine fibroid was displaced more anteriorly when psyllium fibers 
were used. Compared to Park et al. the total amount of rectal filling was much larger, but 
our patients tolerated easily without complaining of a sense of defecation or constipation 
afterwards.(10) Post-treatment, patients were instructed to drink lots of water to prevent 
constipation from the psyllium fibers.
To the best of our knowledge, the MUM method has not been described elsewhere. Pulanic 
et al. did report that vaginal pessary placement may help in uterine repositioning to enable 
safe ablation.(15)  Jeong et al. demonstrated the feasibility of an uterine elevator device to 
change the position of the uterus, but this requires a MRI compatible uterine manipulator 
device which must be sutured in the cervix pre-treatment.(16) Compared to the uterine 
elevator, MUM has the advantage of being non-invasive and cost-free. Another advantage 
of MUM was the provided real-time haptic feedback during manual repositioning. With 
other manipulation techniques, new MR images have to be obtained to visualize the effect. 
Logically, MUM was the fastest manipulation method. Post-HIFU, patients did not remem-
ber the manipulation procedure itself due to the moderate-deep sedation with propofol. 
Importantly, the renewed position of uterine fibroid was maintained during the complete 
MR-HIFU procedure. This is probably due to a combination of the effect of gravity in prone 
position and the fixation with rectal filling and/or a plastic speculum.
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Miscellaneous bowel-interference mitigation strategies have been described such as the 
use of a degassed water balloon and a wedged gel pad.(17-19) In this work, we share our 
experience with the Trendelenburg maneuver and bowel massage. Both were the most time 
consuming of all different manipulation techniques since the patient must be turned into 
supine position, but in some cases it may be the only option to prevent a treatment failure. 
Therefore, we only performed this step when the previous options failed.
In one patient, the current 3-step modified manipulation protocol failed to create an ap-
propriate acoustic window. Nonetheless, this patient was treated successfully by using an 
endo-rectal coil for anterior displacement of the uterine fibroid. The use of an endo-rectal 
coil is not a standard procedure at our center since it is expensive and sensitive to artifacts, 
but it was helpful to treat this large fibroid located in the recto-sigmoid region. The use of 
another endo-rectal device without a coil, but with a cooling system, has been previously 
described for MR-HIFU prostate treatment with the TULSA-PRO system.(20) However, 
this device is not inflatable and may therefore not provide enough pressure to move the 
fibroid anteriorly. Development of an endo-rectal balloon device with a cooling system 
would be the ideal tool for manipulation since it could also potentially protect the bowel 
from thermal damage. Thermal complications such as bowel perforation are very rare but 
have been reported in literature after HIFU of uterine fibroids.(21-23) Development of an 
endo-rectal balloon device (without coil or cooling) would be a more cost-effective solution.
To our opinion, adequate patient preparation is key for a successful MR-HIFU treatment. 
Technological tools have been developed to overcome the issue of bowel-interference such as 
beam-shaping and angulation, but these tools further limit the focal depth and power of the 
system which often leads to partially unreachable fibroids or lengthening of the procedure.
(8) Despite the additional time necessary before sonicating, optimal patient positioning 
reduced the risk for treatment failure.
A limitation of this work was the relatively small sample size and the single-center design. 
Dissemination and implementation of the 3-step modified manipulation protocol to other 
institutions in clinical practice will be challenging. Moreover, a learning curve effect com-
plicated the evaluation of our results which may have distorted the comparison between 
manipulation protocols. Therefore, a larger multi-center cohort study should be conducted 
in the future to follow-up on implementation and the results of the 3-step modified ma-
nipulation protocol.

Conclusions
Implementation of a newly developed 3-step modified manipulation protocol increased the 
eligibility percentage and reduced the treatment failure rate for treatment of uterine fibroids 
with MR-HIFU.
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AbsTRAcT

objectives
The Non-Perfused Volume (NPV) percentage after Magnetic  Resonance imaging-guided 
High Intensity Focused Ultrasound (MR-HIFU) fibroid ablation correlates well with clini-
cal symptom reduction. Monitoring of the NPV during MR-HIFU treatment is desirable 
as this would give an indication whether to prolong or stop the procedure. Currently, this is 
not possible due to presumed safety concerns about the use of Gadolinium prior to thermal 
ablation. Therefore, the use of Diffusion-Weighted Imaging (DWI) for monitoring the NPV 
was evaluated.

Methods
We included 56 women with 82 uterine fibroids treated with MR-HIFU in this study. The 
NPV was determined on contrast-enhanced T1-weighted images (CE-T1WI) post-HIFU. 
Pre- and post-treatment DWI scans (b-0,50,100,200,400,600,800) were evaluated for the 
ability to visually distinguish ablated uterine fibroid tissue from viable uterine fibroid tissue. 
The agreement between three different NPV patterns (similar, larger or smaller than the 
volume covered by the performed sonications) on CE-T1WI and ablated fibroid tissue on 
DWI was also assessed visually.

Results
The three different NPV patterns on CE-MRI corresponded with distinct ablated fibroid tis-
sue patterns on DWI. The regions with lowered ADC values when using low b-value combi-
nations (b-0,50,100 and b-0,200) corresponded best with the NPV regions determined with 
CE-MRI. A hyperintense rim surrounding the fibroid on DWI with high b-values (b-400, 
b-600 and b-800) post-HIFU was associated with (near) complete fibroid devascularisation.

Conclusions
DWI can be used to visualize treatment-induced effects without using a contrast agent 
after MR-HIFU fibroid ablation. Notably, a hyperintense rim post-treatment on DWI may 
indicate (near) complete fibroid devascularisation.

Keywords
Diffusion-Weighted MRI, Uterine fibroids, MR-guided interventional procedures, High-
Intensity focused ultrasound ablation
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InTRodUCTIon

Magnetic Resonance imaging guided High-Intensity Focused Ultrasound (MR-HIFU) is an 
entirely non-invasive uterus-sparing ablation therapy for women with symptomatic uterine 
fibroids.(1) The benefits of this treatment include lower morbidity, no hospitalization, a 
short recovery period, and a high safety profile.(2) Clinical outcomes after MR-HIFU 
therapy are correlated with the ablation ratio (viable versus non-viable tissue).(3) A higher 
ablation ratio is associated with more considerable symptom reduction and lower rates of 
fibroid recurrence. Thus, complete fibroid ablation is the goal of MR-HIFU therapy.(4-6)
The ablated fibroid volume usually referred to as the Non-Perfused Volume (NPV), is de-
termined by acquiring a contrast-enhanced T1-weighted scan (CE-T1WI) with subsequent 
identification of the non-enhancing fibroid volume after treatment. Unfortunately, the NPV 
can only be assessed once and only at the end of the MR-HIFU therapy session due to safety 
concerns related to administering a Gadolinium-based contrast agent prior to sonications.
(7-10)
Currently, the treating radiologist is blinded to the treatment result until the end of the MR-
HIFU therapy. An alternative method to visualize the NPV without using a contrast agent is 
desired to monitor treatment progression. Monitoring the ablated volume would allow the 
operator to decide whether to terminate or proceed with the MR-HIFU procedure.
Moreover, as described in the literature and confirmed by our observations, the NPV per-
centage post-treatment is often much more extensive than expected based on the planned 
treatment volume.(11-13) This may be explained by downstream effects after coagulation 
and/or compression of the supplying blood vessels by edema.(14,15) If this observation 
can be made during the MR-HIFU treatment session, the procedure could be immediately 
stopped in these cases because further sonications in already non-perfused fibroid tissue are 
believed to be redundant.
Previous studies demonstrated the potential of Diffusion-Weighted Imaging (DWI) to 
visualize the NPV without using a contrast agent.(9,12,16-20) These studies showed that 
the NPV observed on CE-T1W scans often corresponded with a hyperintense area on DWI 
in the fibroid tissue accompanied by a significantly reduced Apparent Diffusion Coefficient 
(ADC).(17,20)
Despite previous studies results, DWI is not widely implemented in the clinical workflow of 
MR-HIFU fibroid ablation. Although significant changes between pre- and post-treatment 
DWI have been reported, it is challenging to apply this method during MR-HIFU fibroid 
ablation in a single patient. Therefore, this study further explored the use of DWI as an 
alternative method to CE-T1WI for determining the NPV in a large cohort by combining 
quantitative measurements with visual assessment of treatment-induced tissue changes.
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objective
To evaluate DWI for monitoring treatment progression of MR-HIFU fibroid ablation.

MeTHods

A single-center cohort study was performed at the Gynecology and Radiology departments 
of Isala Hospital, Zwolle, the Netherlands. The study protocol was approved by the local, 
accredited Medical Ethics Review Committee (METC) and the hospital board (reference 
number 15.0580.23). Patients were prospectively included, and informed consent was 
obtained from all study participants. Data were retrospectively analyzed.

study participants
From January 2018-January 2019 women with symptomatic uterine fibroids were screened 
by a gynecologist for study inclusion (table 1). Eligible patients underwent a screening MRI 
examination. Subsequently, a radiologist with MR-HIFU experience decided if the patient 
was suitable for MR-HIFU based on MRI criteria (table 1).

Table 1: Study eligibility criteria.
Inclusion criteria

Age over 18 years

UF confirmed on ultrasound

Pre- or peri-menopausal state

Exclusion criteria

Current pregnancy

MRI contra-indications

Calcified fibroid

Fat layer >4 cm

Concomitant adenomyosis

Suspicion of malignancy

No contrast-enhancement of the dominant fibroid on the T1w image

Maximum diameter of the dominant fibroid <1cm

>10 uterine fibroids

Fibroid signal intensity on the T2w image and contrast-enhanced T1w image 
higher compared to the signal intensity of the myometrium

Inaccessible dominant uterine fibroid

Not willing to sign informed consent
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MRI
Patients were scanned in prone position using a standardized MRI protocol (table 2) on a 
1.5-T MRI scanner (Achieva, Philips Healthcare, Best, The Netherlands). Conventional 
T2-weighted images (T2WI) were acquired pre-treatment to identify relevant anatomical 

Table 2: MRI protocol containing the specific imaging parameters.
T2w axial T2w sagittal T2-mapping dWI* Ce-T1w 

Scanned pre-treatment pre-treatment pre- and 
post-treatment

pre- and 
post- treatment

pre- and 
post-treatment

Scan type TSE**
multishot
TSE factor 18

TSE
multishot
TSE factor
17

GRASE***
multishot
TSE factor 12
EPI† factor
5

Single shot 
SE‡-EPI
EPI factor
51

3D FFE§
TFE¶
multishot
TFE factor
44

TE# (ms) 110 125 n*20 65 2.6

TR†† (ms) 3656 6219 2708 1689 5.4

Flip angle (˚) 90 90 90 90 10

Slice thickness (mm) 3.5 3.0 6.0 6.0 3.0

ACQ‡‡ Matrix 356x198 356x187 120x100 120x98 168x157

FOV§§ (mm) 250x180 250x180 300x430 300x430 250x250

ACQ Voxel size (mm) 0.7x0.88 0.7x0.94 2.50x4.30 2.50x4.36 1.49x1.58

Scan%¶¶ 77.3 73.0 58.1 57.3 94

NSA## 2 3 2 3 3

Half scan No No No Yes (0.698) No

Fat suppression No No SPIR††† SPAIR‡‡‡ SPAIR

Scan duration (min:s) 2:48.2 3:31.5 3:52.9 4:20.2 2:31.2

* DWI: Diffusion Weighted Imaging
** TSE: Turbo Spin Echo
*** GRASE: GRadient And Spin Echo
† EPI: Echo Planar Imaging
‡ SE: Spin Echo
§ FFE: Fast Field Echo 
¶ TFE: Turbo Field Echo
# TE: Echo Time
†† TR: Repetition Time
‡‡ ACQ: Acquired
§§ FOV: Field of View
¶¶ Scan%: Scan percentage
## NSA: Number of Signal Averages
††† SPIR: Spectral Presaturation Inversion Recovery
‡‡‡ SPAIR: SPectral Attenuated Inversion Recovery
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pelvic structures and to provide information about the size, location, position, Fédération 
Internationale de Gynécologie et d’Obstétrique (FIGO) type and Funaki type.(21,22) 
Regions Of Interest’s (ROI’s) were drawn on axial slices of the pre-treatment T2WI to deter-
mine the Funaki classification and compare the signal intensity (SI) between fibroid tissue, 
myometrium tissue and rectus abdominis muscle. This detailed ROI placement procedure 
has been previously described.(23)
The MRI protocol contained the following scans pre- and post-treatment; DWI (TE 65 ms, 
scans at seven b-values were acquired: 0,50,100,200,400,600,800 s/mm2) and T2-mapping 
(twelve echoes acquired, TE ranging from 20-240ms in 20ms increments). These scans were 
acquired before the administration of Gd-based contrast agent (DOTAREM®, 0.2 mL/kg; 
Gadoterate Meglumine, 0.1 mmol/kg; Guerbet; Aulnay-sous-Bois, France) to ultimately 
perform a three-dimensional (3D) CE-T1WI (spoiled gradient echo scan) to assess viability 
of the fibroid pre-treatment and to visualize the NPV post-treatment.

MR-HIFU treatment
According to our standardized treatment protocols, patients were treated on a clinical MR-
HIFU system (V1 Sonalleve, Profound Medical Corp., Mississauga, Canada).(24) Proce-
dures were performed on an outpatient basis under conscious sedation using a combination 
of propofol and fentanyl. Three radiologists with prior MR-HIFU experience carried out 
the procedures.
After the MR-HIFU therapy session, a screen capture of the treatment planning overview 
from the MR-HIFU console was obtained. The area covered by the performed sonications 
represented the targeted/treated area and was therefore expected to match the non-enhancing 
area on the post-HIFU CE-T1WI.

Image analysis
A clinical workstation (Sectra IDS7 version 21.2 and IntelliSpace Portal (ISP) software, 
Version 8, Philips Healthcare, Best, The Netherlands) was used for generating parameter 
maps and image analysis.

NPV
The MR segmentation tool available on the image analysis workstation was used to measure 
the pre-treatment fibroid volume on T2WI, and the NPV on CE-T1WI acquired post-
treatment, by semi-automatic segmentation with review and manual correction of the 
segmentation result by one observer, IV, on the conventional MRI sequences. The NPV% 
was calculated by the following formula:
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The size and shape of the NPV on CE-T1WI were visually compared with the area covered 
by the performed sonications in the treatment planning overview. Overall, three different 
NPV imaging patterns were identified based on differences in the size of the non-enhancing 
fibroid tissue and volume covered by the performed sonications. Therefore, fibroids were 
divided into three subgroups based on the treatment result:
A. Observed NPV similar to the area covered by the performed sonications; the treatment 

planning overview of the performed sonications showed an expected NPV correspond-
ing to the observed NPV on CE-T1WI (figure 1). 

 

Figure 1: Representative example of a post-treatment T1-Weighted Contrast Enhanced image from 
a patient in subgroup A showing: Area with low signal intensity, e.g. Non-Perfused Volume (a) and 
the treatment cell planning and sonications that were performed during the MR-HIFU therapy (b).
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B. Observed NPV larger than the area covered by the performed sonications; the treatment 
planning overview of the performed sonications showed an expected NPV smaller than 
the observed NPV on CE-T1WI (figure 2).

C. Observed NPV smaller than the area covered by the performed sonications; the treat-
ment planning overview of the performed sonications showed an expected NPV larger 
than the observed NPV on CE-T1WI (figure 3).

 
 

Figure 2: The post-treatment T1-Weighted Contrast Enhanced image shows the Non-Perfused Vol-
ume (a) which revealed full ablation of the targeted uterine fibroid. The ablated volume is greater than 
the area covered by the completed sonications on the MR-HIFU treatment planning (b).
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DWI
DWI images were evaluated to visually discriminate therapeutic effects in fibroid tissue, 
i.e., NPV, from viable fibroid tissue. Treatment-induced changes in the fibroid tissue were 
determined by comparing pre- and post-treatment DWI scans. The agreement between 
NPV on CE-T1WI and NPV on DWI was assessed visually. Two observers, IV and KA, 

 
 

Figure 3: The post-treatment T1-Weighted Contrast Enhanced image shows the Non-Perfused Vol-
ume (a) which revealed partial ablation of the targeted uterine fibroid. The ablated volume is smaller 
than the area covered by the completed sonications on the MR-HIFU treatment planning (b).
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independently described imaging features of ablated fibroid tissue on DWI and identified 
differences between the three NPV subgroups (A, B, and C).

ADC
ADC maps were calculated from the DWI images by a voxelwise fit of a mono-exponential 
function to the signal intensities (S) with ADC and S 0 as fit parameters:

 (1)

Based on previous research, we used the following combinations of b-values to reconstruct 
ADC maps: b-0,50,100 s/mm2; b-0,200 s/mm2; b-0,800 s/mm2; b-400,600,800 s/mm2 and 
all b-values    (0,50,100,200,400,600,800 s/mm2).(9)

T2
T2 maps were generated by voxel-wise fitting of a mono-exponential function to the signal 
intensities for the different TEs, with T2 and S 0 as fit parameters:

 (2)

In the Multimodality Viewer function, ROI’s were placed in fibroid and myometrium 
tissue on the pre- and post-treatment ADC and T2 maps. Since myometrium tissue was 
not treated during MR-HIFU, it was expected that those values would not significantly 
change pre- versus post-treatment. Circular ROI’s were manually drawn in 2D. ROI size 
was maximum while avoiding adjacent structures. The myometrium ROI was not allowed 
to contain endometrium or cervical tissue. The pre-treatment fibroid ROI was placed ap-
proximately in the center. Post-treatment fibroid ROIs were placed in the ablated tissue. 
The NPV on post-HIFU CE-T1WI was used as a reference. When a rim was observed 
post-HIFU, an additional ROI was placed inside this rim. Within one MRI examination, 
ROIs in all sequences were placed at the same location by using the copy and paste function 
and a subsequent visual check of all ROIs. The agreement between NPV on ADC and T2 
maps versus NPV on CE-T1WI was assessed visually.

statistical analysis
Statistical analyses were performed using IBM SPSS Statistics, version 25. Categorical data 
were presented as n (%). Continuous variables were presented as mean (±SD) when nor-
mally distributed and as median (interquartile range) in case of a non-Gaussian distribution. 
Normality was determined by the Shapiro-Wilk test. The paired t-test was used to test for 
differences between the pre- and post-treatment ADC values and T2 values   of fibroid tissue 
and myometrium tissue.
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ResUlTs

A total of 56 women with 84 symptomatic uterine fibroids were treated with MR-HIFU 
therapy between January 2018 and January 2019 (table 3). Because two fibroids were not 
fully depicted in the MR study sequences, 82 fibroids were available for analysis. The mean 
NPV% of these 82 fibroids on CE-T1WI post-treatment was 64.8±34.3%.

Table 3: Characteristics of patients, treated uterine fibroids and treatment result.
Characteristic Mean (±sd) or Count (%)

Included 56 (100.0)

Age (years) 42.8 ± 7.0

Body Mass Index (kg/m2) 24.8 ± 3.6

Fat layer (cm) 2.1 ± 1.2

Uterine position Anteverted 45 (80.4)

Retroverted 6 (10.7)

Upwards 5 (8.9)

Number of fibroids 1 26 (46.4)

2 11 (19.6)

3 7 (12.5)

4 2 (3.6)

5 4 (7.1)

>5 6 (10.7)

Number of fibroids treated 1 41 (73.2)

2 6 (10.7)

3 6 (10.7)

4 2 (3.6)

5 1 (1.8)

Fibroids’ location Submucosal 22 (26.8)

Intramural 23 (28.0)

Subserosal 22 (26.8)

Hybrid 15 (18.3)

Scaled Signal Intensity 12.0 ± 14.5

Funaki class 1 8 (9.8)

2 64 (78.0)

3 10 (12.2)

Maximum diameter (cm) 5.53 ± 3.4

Fibroid volume pre-HIFU (cm3) 132.9 ± 220.6

Non-Perfused Volume (%) 64.8 ± 34.3
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nPV subgroups
The three subgroups, defined based on the size of the observed NPV in relation to the 
volume covered by the performed sonications, showed the following characteristics in our 
study population (table 4):
A. NPV similar to the area covered by the performed sonications: 33 patients and 55 treated 

fibroids with a mean NPV% of 58.2±32.4.
Overall, the fibroid volume pre-treatment was smaller compared to the other subgroups. 
There was no predominant location of the fibroids, but Funaki type 2 fibroids were the most 
common.
B. NPV larger than the area covered by the performed sonications: 17 patients and 20 

treated fibroids with a mean NPV% of 94.7±6.8. Remarkably, the NPV in this subgroup 
always appeared homogeneous and was sharply delineated. Patients often presented with 
a large solitary Funaki type 2 fibroid with a submucosal component or submucosal loca-
tion.

C. NPV smaller than the area covered by the performed sonications: 6 patients and seven 
treated fibroids with a mean NPV% of 31.6±40.2.

Table 4: Pre-treatment characteristics and treatment result of the three subgroups based on NPV and 
area covered by the performed sonications on the treatment cell planning capture image.

subgroup a subgroup B subgroup C

Patients 33 17 6

Treated fibroids 55 20 7

Fibroids’ location Submucosal 12 (21.8) 9 (45.0) 1 (14.3)

Intramural 17 (30.9) 4 (20.0) 2 (28.6)

Subserosal 17 (30.9) 2 (10.0) 3 (42.9)

Hybrid 9 (16.4) 5 (25.0) 1 (14.3)

Funaki class 1 4 (7.3) 4 (20.0) 0 (0.0)

2 44 (80.0) 15 (75.0) 5 (71.4)

3 7 (12.7) 1 (5.0) 2 (28.6)

Fibroid volume (cm3) 29.4 [155.3] 53.7 [217.9] 54.0 [201.8]

NPV% 58.2±32.4 94.7±6.8 31.6±40.2

NPV size Equal to the 
sonicated volume

Greater than the 
sonicated volume

Smaller than the 
sonicated volume

Visual inspection of 
ablated fibroid tissue

DWI (high 
b-values)

Hyperintense Hypointense 
mid, 

hyperintense rim

Nothing 
remarkable

Data presented as mean ± standard deviation, median [interquartile range] or count (percentage).
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Patients often presented with a single fibroid with a large fibroid volume (similar to subgroup 
B), but none of these fibroids was classified as Funaki type 1. The predominant location of 
fibroids was subserosal or intramural.

dWI
Similarities were found between the size and shape of the NPV on CE-T1WI and the ablated 
tissue on DWI. Visual assessment of DWI scans pre- and post-treatment of the three NPV 
subgroups revealed three distinct ablated fibroid tissue imaging patterns (table 4):
A. NPV size and shape on CE-T1WI corresponded to a hyperintense area on DWI with all 

different b-values (figure 4).

Figure 4: A typical example of a fibroid in subgroup A. The pre-treatment acquired T2-weighted 
image and diffusion weighted images are shown in figure 4a. The ablated fibroid volume post-HIFU 
is demonstrated in figure 4b by the Non-perfused Volume on the T1-Weighted Contrast Enhanced 
image and the hyperintense area on the diffusion weighted images (all b-values).
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B. NPV on CE-T1WI corresponded to a hypo-/isointense center accompanied by a hyper-
intense rim on DWI when using high b-values (b-400,600,800 s/mm2) (figure 5).

C. NPV on CE-T1w could not be identified on DWI.
Ablated fibroid tissue patterns matched the corresponding NPV subgroup in all cases. There 
were no disagreements among the two observers.

adC and T2
The three NPV subgroups also differed in observed change between the pre- and post-
treatment T2 and ADC values of fibroid tissue (table 5):

Figure 5: A typical example of a fibroid in subgroup B. The pre-treatment acquired T2-weighted im-
age and diffusion weighted images are shown in figure 5a. The ablated fibroid volume post-HIFU is 
demonstrated in figure 5b by the Non-perfused Volume on the T1-Weighted Contrast Enhanced im-
age and the hypointense center accompanied by a hyperintense rim on the diffusion weighted images, 
especially when using high b-values.
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A. In this subgroup, a significant reduction in the average ADC value of the ablated fibroid 
tissue was found for all different b-value combinations. The ADC maps with low b-value 
combinations (b-0,50,100 and b-0,200) differentiated best between ablated fibroid tis-
sue and remaining viable fibroid tissue. Post-treatment T2 values   of ablated tissue were 
significantly increased compared to pre-treatment T2 values.

B. ADC maps with combinations of b-0,50,100 and b-0,200 resulted in a significant decrease 
in the center of the treated fibroid, but ADC values with high b-values (b-400,600,800) 
showed a significant increase. The fibroid’s rim demonstrated significantly reduced 
ADC values for all b-value combinations except for the high b-values (b-400,600,800). 
Post-treatment T2 values   of ablated tissue (center and rim) were significantly increased 
compared to pre-treatment T2 values.

C. We could not detect any difference between pre-treatment and post-treatment ADC or 
T2 values of the targeted fibroid tissue in this subgroup.

On T2-maps, ablated fibroid tissue could not be visually distinguished from viable tis-
sue. There was no statistically significant difference between pre- and post-treatment T2 
(p=0.800) or ADC values   of the myometrium tissue (p-value range 0.130-0.980).

dIsCUssIon

In this study, we aimed to evaluate DWI for monitoring treatment progression of MR-
HIFU fibroid ablation. Three different DWI patterns were recognized which related to the 
three NPV pattern subgroups on CE-T1WI. These distinct subgroups might explain that 
previous studies showed variable SI changes on DWI and ADC value of the ablated fibroid 
tissue after MR-HIFU therapy.(9,12)
In accordance with previously published results (12), NPV on CE-T1WI corresponded with 
a hyperintense area on DWI, which was accompanied by decreased ADC values in subgroup 
A (NPV size equal to the sonicated volume). This finding may indicate the presence of 
cytotoxic edema, where the diffusion of extracellular water becomes restricted upon inter-
nalization by cells. This is compatible with our finding that T2 values increased post-HIFU. 
Consistent with others (12,16), it was difficult to depict HIFU-induced tissue changes on 
T2-maps, possibly due to baseline heterogeneities of fibroids.
In subgroup B, the (near) complete NPV on CE-T1WI corresponded with a hypointense 
area on DWI (particularly coming visible in high b-value images) and an increased ADC. 
Interestingly, a DWI hyperintense rim surrounding the ablated fibroid tissue was observed. 
High-signal rims on DWI have not been observed previously after MR-guided HIFU abla-
tion, although one US-guided HIFU study reported the occurrence of complete and incom-
plete hyperintense signal-rims on DW-MRI in all patients within two days post-treatment.
(25) In the present study, immediately after MR-HIFU ablation, high-signal rims on DWI 
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were only observed in subgroup B. We hypothesize that this observation may have been in-
duced by an effect previously referred to as the effect associated with targeted vessel ablation.
(13) Instead of directly causing coagulative necrosis in the targeted tissue, sonicating part of 
the fibroid could indirectly lead to the occlusion of blood vessels or compression of nearby 
blood vessels by edema. The uterine fibroid is surrounded by a “vascular capsule” which is 
an extremely dense network where most intense angiogenesis occurs. This “vascular capsule” 
is the border between the tumor and the surrounding myometrium.(26) Therefore, when a 
treatment cell is placed in the periphery of the targeted fibroid, it could lead to the occlusion 
of blood vessels, which could result in ischemia of the downstream fibroid tissue, leading 
to necrosis. In the patients of subgroup B, we suspect that devascularisation as a result of 
capsule occlusion has occurred. As it can be difficult to heat areas containing vessels due to 
the heat sink effect (27), it might not be feasible to occlude arteries. Capsule occlusion might 
therefore be explained by venous infarction, which could clarify the DWI imaging pattern 
of subgroup B. Venous flow obstruction results in increased pressure, decreased blood flow, 
and reduced perfusion, illustrated by reduced ADC values with low-b-value combinations 
(b-0,50,100 and b-0,200). Moreover, disruption of the capillary tight junctions leads to 
reversible venous edema (DWI isointense and increased ADC values with b-400,600,800).
(28,29) The high-signal rim on DWI could be caused by cytotoxic edema, which leads to 
cell swelling, reduction of extracellular spaces, and increase of interstitial pressure (DWI 
hyperintense and decreased ADC values). In the brain upon vessel occlusion, a similar phe-
nomenon is observed as the penumbra that is becoming non-perfused as cytotoxic edema 
progresses.(30)
Assessment of NPV on DWI in subgroup C (NPV smaller than the sonicated volume) was 
not feasible since (visual) comparison of pre- versus post-treatment data showed no differ-
ences in treated fibroid tissue. This subgroup demonstrated the lowest mean NPV% which 
can be partially explained by the higher percentage Funaki type 3 fibroids (29%), suggesting 
that some of these fibroids were more difficult to treat and MR-HIFU might not have been 
the best treatment option.(31,32)

limitations
This study has several limitations. The NPV pattern subgroups were not prospectively 
defined, and subgroup analysis was performed retrospectively. The agreement between NPV 
on CE-T1WI and MRI study sequences was assessed visually instead of by a quantitative 
comparison due to the unavailability of 3D data. In addition, the pre- versus post-treatment 
comparison of ADC and T2 values was performed by ROI analysis instead of a voxel-based 
analysis. Ideally, histopathological data would be collected for fibroid tissue analysis to cor-
relate the different leiomyoma subtypes to imaging features and treatment result.(33) How-
ever, due to the non-invasive character of the MR-HIFU treatment this was not possible.
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Future perspectives
A future study should assess the value of periprocedural NPV monitoring with DWI during 
MR-HIFU fibroid ablation. As a consequence of our observations, the strategy to first target 
the vascular capsule during a treatment session is currently applied in Isala hospital. Our hy-
pothesis, based on preliminary clinical experience, is that monitoring of treatment progres-
sion with DWI has the potential to considerably enhance treatment efficacy. To demonstrate 
this, the DWI pattern on periprocedural DWI scans interleaved with sets of sonications 
must be used for the decision to proceed or terminate the treatment. Moreover, additional 
research is needed to better understand the pathophysiological mechanism underlying the 
different observed DWI patterns. Given the high blood volume in fibroids, it would be 
interesting to perform intravoxel incoherent motion analyses and measurements at even 
lower b-values.(9,31,34-36) Especially, the finding of the “rim sign” in combination with 
(near) complete fibroid ablation warrants further investigation, including long-term clinical 
follow-up and image analysis. Ultimately, the capsule occlusion treatment strategy must 
be prospectively evaluated in a new cohort to assess feasibility. Adding magnetic resonance 
angiography to the screening MRI examination, might optimize the capsule occlusion treat-
ment strategy as this would indicate the access road of the main fibroid vessels.(13)

Conclusions
Visual assessment of non-perfused fibroid tissue post-treatment was feasible with DWI. 
Although the changes pre- versus post-treatment on DWI and ADC maps were variable and 
depended on the choice of b-values, three different DWI patterns were identified. Notably, 
a hyperintense rim on DWI (b-400,600,800) combined with centrally increased ADC may 
indicate (near) complete fibroid devascularisation. Based on these discriminating findings, 
DWI shows potential to be a valuable clinical tool monitor treatment progression of MR-
HIFU fibroid ablation.
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The work presented in this thesis focuses on outcomes of Magnetic Resonance image 
guided High Intensity Focused Ultrasound (MR-HIFU) fibroid ablation. We evaluated the 
(long-term) effectiveness, studied the imaging characteristics of uterine fibroids to optimize 
patient selection and developed tools to enhance treatment efficacy. The treatment outcomes 
were (re)evaluated by performing a literature study and a retrospective cohort study with 
long-term follow-up. Those studies showed that MR-HIFU treatment protocols aiming for 
complete rather than partial ablation enhanced the (long-term) treatment outcomes and led 
to long-term re-intervention rates comparable to other minimally invasive treatment options 
(chapters 2 and 3).
To achieve successful implementation of MR-HIFU in a non-academic hospital setting, a 
dedicated MR-HIFU team of four radiologists, four radiographers, one anesthesiologist, 
four sedationists, two gynecologists, and at least one full-time researcher was assembled. The 
main challenges were: who is eligible for MR-HIFU therapy (and who is not) and how can 
we achieve high ablation ratio within an acceptable period of time. The MR-HIFU treat-
ment technical success rate was greatly influenced by patient selection because the biological 
characteristics of fibroids have implications for therapy effectiveness. Parameter mapping 
with quantitative MRI allowed us to differentiate uterine fibroid tissue types and may have 
the potential to determine the optimal treatment modality for the individual patient (chap-
ter 4). Moreover, the implementation of a 3-step modified manipulation protocol aimed 
to increase the number of women eligible for MR-HIFU and simultaneously reduced the 
number of treatment failures (chapter 5). In addition, MR-HIFU treatment efficacy could 
be enhanced by periprocedural monitoring of the ablated fibroid volume with Diffusion-
weighted imaging (DWI) since it was feasible to visualize the Non-Perfused Volume (NPV) 
on DWI scans without using a contrast agent (chapter 6).
The work of this thesis underlines that MR-HIFU is a technical procedure with many in-
novative tools and that implementation in clinical practice is challenging. MR-HIFU fibroid 
ablation is currently a CE marked treatment, but not widely implemented. Before clinical 
adoption, systematic evaluation of MR-HIFU by performing a health technology assess-
ment (HTA) is necessary to provide a bridge between research and the real-world. A first step 
in this direction was to improve the patient selection process and to enhance the treatment 
efficiency of MR-HIFU fibroid ablation.

PaRT I - long-TeRM eFFeCTIVeness

The long-term effectiveness of MR-HIFU has not been adequately investigated, perhaps 
except for the initial clinical trials, using the NPV as primary outcome and reporting rela-
tively high long-term re-intervention rates. However, these trials used outdated treatment 
protocols and older devices which led to low NPV percentages.(1,2) The outdated treatment 
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protocols included limitations in treatment time, and restricted the degree of fibroid abla-
tion. In addition, relatively wide safety margins were applied. After it was proven to be safe 
to ablate larger fibroid volumes (3), these guidelines were modified and revised to allow for 
complete fibroid ablation (figure 1). In the systematic review in chapter 2, the (long-term) 
outcomes of MR-HIFU were reevaluated in a systematic review by excluding clinical trials 
using restricted treatment protocols.

Only including studies using unrestricted treatment protocols aiming for complete fibroid 
ablation showed greater symptom improvement and lower retreatment rates compared to 
other systematic reviews.(4-6) It was demonstrated that the need for additional treatment 
increases with follow-up time after treatment. At 24 months follow-up the re-intervention 
rate after MR-HIFU is comparable to that of uterine artery embolization, which is a therapy 
reimbursed by healthcare insurances in the Netherlands. Unfortunately, it was not possible 
to assess the re-intervention rate beyond 24 months due to the lack of data. Hence, we 
further retrospectively explored this in patients who had been treated with MR-HIFU at the 
University Medical Center Utrecht (chapter 3). Within our patient cohort, the long-term 
re-intervention rate was compared between the use of restricted and unrestricted treatment 
protocols. The results emphasize that physicians should aim for complete fibroid ablation, 
which is in line with other MR-HIFU studies.(7-9) Analysis of the subgroup with an 
unrestricted treatment protocol led to a re-intervention rate of 18% at 40 months follow-
up.(10) This re-intervention rate is similar to the one for other uterus-sparing treatments.

 

33% 

Safety margins Uterine Fibroid  Maximum NPV% 

50% 

Restrictive protocol 1 No restrictions  

100% 

Restrictive protocol 2 

Figure 1: The differences between the consecutive restricted treatment protocols and the currently 
used treatment protocol. Initially, when MR-HIFU fibroid ablation was implemented into clinical 
use, safety margins of 1,5 cm were applied and the degree of fibroid ablation was limited to 33% of the 
fibroid volume. These restrictions were modified, permitting 50% ablation rates with safety margins 
of 1,0 cm. Nowadays, there are no restrictions and operators are allowed to aim for complete fibroid 
ablation (NPV 100%). The image is scaled and illustrated with an uterine fibroid volume of 1000 cm3.
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(11) Similar to the results of our systematic review, the re-intervention rate did increase 
over time, but not beyond 21 months after MR-HIFU ablation in the subgroup treated 
with an unrestrictive treatment protocol.(10) The observation that re-interventions did not 
occur beyond 21 months after primary treatment is relevant for the design of future stud-
ies prospectively assessing the re-intervention rate after MR-HIFU fibroid ablation with 
unrestrictive protocols.

The remaining knowledge gaps that were identified in chapter 2 are the lack of high-quality 
comparative trials and the paucity of evidence with regards to reproductive outcomes.

MR-HIFU versus other minimally invasive treatments anno 2020
As discussed in chapter 2, there have been three recent publications comparing uterine 
fibroid interventions that included MR-HIFU as a treatment option.(12-14)
The Comparing Options for Management: Patient-centered Results for Uterine Fibroids 
(COMPARE-UF) registry reported on their rationale, study design and baseline charac-
teristics of the included patients (12), but the (long-term) results are still pending. It is 
unlikely that this registry will allow any conclusions about the effectiveness of MR-HIFU as 
compared to other treatment modalities, because of the 2031 enrolled women only 15 study 
participants received MR-HIFU therapy.
The Fibroid Interventions: Reducing Symptoms Today and Tomorrow (FIRSTT) Study was 
an RCT to compare the efficacy and safety of MR-HIFU versus uterine artery emboliza-
tion.(15) Because of slow recruitment, a comprehensive cohort of women who declined 
randomization was added.(16) Notably, more women declined to proceed with treatment 
after being assigned to embolization. The FIRSTT study showed long-term outcomes in 
favor of embolization.(13) However, the mean NPV percentage achieved by MR-HIFU 
was only 46%. This is not generally considered a successful treatment result (9,17) although 
the authors did report that 91% of the women received complete MR-HIFU treatment 
without a clear definition of “complete MR-HIFU treatment”.(18) Another limitation of 
the FIRSTT study is that it used an outdated MR-HIFU device. Therefore, the results of the 
FIRSTT do not reflect the current standards of MR-HIFU treatment.
The third trial was a cohort study with three years of follow-up to compare the long-term 
satisfaction and re-intervention rate between MR-HIFU and myomectomy.(14) The short-
term outcomes were in favor of MR-HIFU since there were fewer adverse events and faster 
recovery.(19) The long-term re-intervention rate, 36.5 months after MR-HIFU, was only 
13% and the authors suggested that this low percentage was caused by the use of the newest 
MR-HIFU system, by the experience gained by the operating team as well as by better 
patient selection.(14) The long-term outcomes showed no differences in QoL or the re-
intervention rate between the MR-HIFU and myomectomy group.(14)
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Reproductive outcomes
To date, little evidence is available on reproductive outcomes after MR-HIFU.
A recently published systematic review compared the pregnancy outcomes after uterus-
sparing treatment of fibroids and showed high live birth rates after myomectomy and (MR-)
HIFU, whereas embolization led to the highest miscarriage rate.(20) This study did not 
compare the fertility rates between the different treatment options, but in another review 
fertility outcomes after myomectomy were assessed. There it was concluded that additional 
studies are needed to determine the role of myomectomy for the treatment of infertility.
(21) Only one study compared myomectomy to no treatment, but found no significant 
differences.(22)
Fertility rates after MR-HIFU have been barely studied and no comparative trials have been 
conducted. Four clinical trials demonstrated that MR-HIFU did not significantly change 
serum anti-Mullerian hormone levels, which is an estimation of ovarian reserve rather than 
of fertility.(13,23-25) Only one study retrospectively focused on patients who planned to 
conceive in the future.(26) Thus, the lack of high-quality evidence hampers conclusions 
about the best treatment option for women with uterine fibroids and infertility.

PaRT II - PaTIenT seleCTIon

MR-HIFU is not suitable for all uterine fibroids and eligibility is assessed via screening 
MRI. The Funaki classification divides fibroids in three subtypes, based on their T2w signal 
intensity compared to myometrium and muscle, and is the most commonly used classifica-
tion to predict the ultrasonic heating efficacy of fibroids.(27) Funaki type 3 fibroids (T2w 
signal intensity higher than myometrium) are generally excluded while Funaki type 1 and 
2 fibroids are considered eligible for MR-HIFU.(28,29) The Funaki classification can be 
inaccurate in predicting treatment outcome (figure 2) which leads to treatment failures or a 
low NPV percentage.(9,17)
In addition, the scan protocol settings and the Region Of Interest (ROI) based measurements 
to determine the Funaki classification of a uterine fibroid have not been standardized yet. Im-
portantly, the Funaki classification is influenced by the TE used to acquire the T2-weighted 
images (chapter 4). These factors contribute to a high risk of inaccurate classification when 
using the Funaki classification for predicting MR-HIFU treatment outcome. In chapter 4, 
we proposed a standardized ROI placement method to decrease selection bias due to single 
measurements which increases the risk at misclassification and to eliminate the subjective 
visual assessment performed by the radiologist.(30) The clinical impact of these findings 
should be assessed in the future by linking these results to treatment outcomes, but it is clear 
that the Funaki classification has multiple limitations and is a suboptimal screening tool. The 
Scaled Signal Intensity (SSI) has been proposed as an alternative to the Funaki classification 
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(31), the SSI is also based on the T2w signal intensity of uterine fibroids, but is a continuous 
numeric scale and uses the signal intensities of muscle and fat as references. The SSI has not 
been widely implemented into clinical use, this can be explained by the lack of a cut-off 
value to determine whether a fibroid is treatable with MR-HIFU or not. Therefore, more 
information about the biological characteristics of uterine fibroids on MRI is needed and 
ideally would be linked to histopathology. Multiparametric MRI was introduced to evaluate 
various biological characteristics of fibroids (chapter 4). It allowed us to distinguish different 
uterine fibroid tissue types (30). The predictive value of DWI, Scaled Signal Intensity (SSI) 
and T2-mapping for predicting MR-HIFU treatment outcome is subject of a future study. 
A recent study characterized the different Funaki types of uterine fibroids with multipara-

 
A B 

C D 

Figure 2: Two examples of treated uterine fibroids are shown with their pre-treatment T2-weighted 
images (A and C) and the post-treatment contrast enhanced T1-weighted images (B and D). Images A 
and B demonstrate an example of a failed MR-HIFU treatment of a Funaki type 2 fibroid due to in-
adequate heating. Images C and D show a successful MR-HIFU treatment of a Funaki type 3 fibroid.
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metric MRI (including DWI) but also did not correlate the quantitative variables to energy 
requirements or ablation rates.(32) Screening data should be linked to treatment outcomes 
to develop a clinical tool to predict a successful MR-HIFU therapy. NPV percentage is the 
most commonly used parameter to determine treatment success, but a low NPV percentage 
post-HIFU does not reflect the ultrasound heating efficacy of fibroids. Therefore, adding 
other objective parameters such as Energy Efficiency Factor (EEF) or thermal dose would be 
useful to evaluate the effect of heating on fibroid tissue and to investigate the relationship 
with imaging features on MRI.
Another approach to patient selection is the use of predictive models. Suomi et al. developed 
a machine-learning model by using 14 different baseline features to predict treatment out-
come of MR-HIFU fibroid ablation, but did not achieve a good performance.(33) Possibly 
due to the lack of data on multiparametric MR parameters or contrast-enhanced T1w MRI 
values. Moreover, Suomi et al. used NPV percentage as outcome parameter and did not 
evaluate energy requirements.
For ultrasound-guided HIFU, a regression model with multiple predictors (uterine position, 
distance from skin to anterior fibroid wall, fibroid volume, T2-weighted signal intensity, 
enhancement pattern, thickness rectus abdominis and subcutaneous fat layer) was proposed 
to predict the difficulty level of ablation.(34) It would be interesting to prospectively assess 
the predictive value of such a model for MR-HIFU. The advantage of a multiparametric 
approach rather than a single predictor is that the model can adjust for baseline patient 
characteristics (instead of only fibroid characteristics). For example, the thickness of the 
abdominal subcutaneous fat layer is known to have a significant effect on the ablation result 
of MR-HIFU.(35) Kim et al. published a screening-MRI based prediction model for assess-
ing the therapeutic response of uterine fibroids.(36) Their model included the thickness of 
the abdominal subcutaneous fat layer, the T2-weighted signal intensity of the uterine fibroid 
compared to the signal intensity of skeletal muscle, and MR T1-perfusion characteristics of 
uterine fibroid tissue.(36) The role of MR T1-perfusion based time-signal intensity curves of 
fibroid tissue was also suggested by others as a tool to predict MR-HIFU treatment outcome.
(37,38)
However, the clinical adoption of prediction models is low because of the need to perform 
additional (time consuming) MR imaging sequences, the use of these prediction models is 
rather technical and there is no consensus worldwide on what (quantitative) parameters are 
the most predictive. Development and implementation of international eligibility guidelines 
including a screening MRI protocol as well as a validated prediction model with quantitative 
parameters and fibroid/patient baseline characteristics would provide an objective screening 
tool and would contribute to reducing the risk of unsuccessful MR-HIFU treatments. Until 
then, the Funaki classification will remain the most commonly used predictor due to its 
simplicity and the lack of an (implemented) alternative. Thus, patient selection is bound to 
remain both the key challenge and success factor for MR-HIFU fibroid ablation.
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PaRT III - TReaTMenT eFFICaCy

Improvement of treatment efficacy has been studied ever since the introduction of MR-
HIFU into the clinic. Overall, two main issues had a major impact on the clinical adoption 
of MR-HIFU; the number of women eligible for the procedure and the number of treatment 
failures/unsuccessful treatments. Several pharmacological tools are available to improve 
MR-HIFU treatment outcomes such as hormonal pre-treatment with GnRH analogues and 
administration of Oxytocin or Carbetocin during MR-HIFU therapy.(39-42) Since these 
tools are useful to improve treatment efficacy, we implemented them at our hospital as part 
of standard care. Women with large uterine fibroids (maximum diameter > 10 cm) receive 
pretreatment with GnRH-analogue and during our MR-HIFU treatments a single-dose of 
Carbetocin is administered to all patients. In the last part of this thesis (chapter 5 and 6), 
we describe efforts to develop other tools to enhance treatment effectiveness.

Manipulation
To increase the number of women benefitting from MR-HIFU and to decrease the number 
of treatment failures, we developed and implemented a 3-step modified manipulation pro-
tocol (chapter 5). In our study, this protocol eliminated the issue of ineligible patients for 
MR-HIFU due to inaccessible fibroids or interposed bowel-loops.(43) We are now able to 
offer MR-HIFU ablation to 75% of the referred patients with symptomatic uterine fibroids. 
The number of treatment failures due to unsuccessful manipulation decreased with 18% 
comparing our 3-step manipulation protocol with the BRB maneuver.(43) This major im-
provement has contributed to the successful implementation of MR-HIFU fibroid ablation 
in the non-academic hospital where this clinical study was conducted. In our study, only 
in 2% of the MR-HIFU treatments failed while using the 3-step modified manipulation 
protocol that was solved by inserting an endo-rectal coil filled with saline solution.(43) After 
the study period, the 3-step manipulation protocol also failed in one other patient. To find 
a more (cost) effective solution, this patient was eventually treated by inserting a endo-rectal 
balloon filled with saline solution without a coil (figure 3). This eliminated the problem of 
artefacts induced by the coil on our temperature map. Therefore, we recommend using an 
endo-rectal balloon without coil.
Previous studies already reported on the effectiveness of using only the BRB technique.
(44,45) Other manipulations techniques have been described such as the use of degassed 
water balloon, a vaginal pessary, uterine manipulator device and a wedged gel pad.(17,46-
48) All manipulation studies showed undisputable results in favor of applying manipulation 
techniques. This raises the question why not all centers have implemented these techniques. 
An explanation may be that some of the manipulation techniques have an (semi-)invasive 
character and radiologists as well as radiographers are not trained to perform these tech-
niques, which might discourage them to start using manipulation tools. In addition, the 
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implementation of newly developed innovative tools is often time consuming, especially in 
the beginning it can lengthen the procedure, because there will be a learning curve effect.
(49) In the non-academic hospital where most of the studies included in this thesis were 
conducted, as expected, a steep learning curve was seen during the implementation of the 
manipulation techniques.(43) Another problem is the dissemination of the manipulation 
protocols and techniques to other institutions. Without specific training, it will be very 
difficult to adopt treatment strategies from published papers. Therefore, dissemination and 
implementation of manipulation techniques to other institutions will be challenging and 
remain a concern.

Monitoring of the non-Perfused Volume
During a MR-HIFU procedure, the operator is practically blinded to the treatment result 
until the procedure is terminated. To improve the ablation rates it would be helpful to 
visualize and monitor the progress of the ablation during the procedure. The evaluation of 
DWI as a clinical tool to monitor the NPV demonstrated that it was feasible to visualize 
the NPV without using a contrast agent (chapter 6). The potential of this clinical DWI 
tool to monitor the progress of ablation during the procedure could have a major impact on 
the MR-HIFU treatments. Firstly, it would reduce the risk of incomplete fibroid ablation 
and thus increases the treatment success rate. Secondly, it will prevent the operator from 
sonicating treatment cells placed in already non-enhancing tissues, which would lead to a 
higher treatment efficiency. Thirdly, it allows operators to use new treatment strategy, called 
vessel targeting. Previously, this treatment method has been proposed to aim at the supply-
ing uterine arteries of the uterine fibroid, resulting in (near) complete fibroid ablation in 
two cases.(50) In those fibroids, the non-enhancing volume on the CE-T1w post-treatment 
scan was much larger than the volume covered by the sonicated treatment cells. However, 

Figure 3: Pre-treatment MR images (a) show interposed bowel loops (blue arrow). Bladder filling 
moved the fibroid (yellow star) in posterior direction (b). The 3-step manipulation protocol failed to 
achieve an acoustic window; therefore an endo-rectal balloon was inserted and filled with saline solu-
tion (orange box). The fibroid was displaced in anterior direction (c) and treatment was continued 
safely.
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there was no tool to monitor the success of this treatment approach during the procedure, 
thereby limiting the potential impact. Our study results suggest that it might be feasible to 
visualize the success of the vessel targeting treatment strategy with DWI scans.(51) Although 
investigating the vessel targeting treatment method was not the aim of the study, we did 
achieve (near)complete necrosis in 20/62 (32.3%) of the fibroids. This is most likely caused 
by the abolition of safety margins from treatment protocols and the consequent outer border 
treatment of the uterine fibroid (figure 4). Since the uterine fibroid is surrounded by a 
“vascular capsule” which is the source of the supplying and draining blood vessels (52), 
targeting the outer part of the uterine fibroid tissue close to the myometrium tissue may have 
led (sometimes unintentionally) to capsule occlusion.
The newly developed DWI tool would allow the operator to visualize the progress of the 
ablation procedure within 5 minutes. Therefore, the operator can decide to use the capsule 
occlusion treatment strategy in every single fibroid. If the capsule occlusion method succeeds, 
the treatment can be terminated and when there is still viable uterine fibroid tissue, treat-

Figure 4: Example of a treatment cell (green) positioned in the outer part of the uterine fibroid next to 
a treatment cell in the center of the fibroid (blue).
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ment can be continued as usual. Currently, this treatment approach has been implemented 
in the Isala hospital and the first experience is that vessel targeting is feasible in most patients. 
However, the true clinical impact of the capsule occlusion treatment approach must be 
prospectively investigated in a future study.
Importantly, the DWI tool to monitor the ablation progress may potentially reduce the 
treatment time and burden to the patient. The lengthy procedure has been one of the key 
limitations since the implementation of MR-HIFU fibroid ablation. Shortening the pro-
cedure time would reduce the occupation of the MR room, decrease the treatment costs 
and thus contribute to better utilization of healthcare resources. Although cost-effectiveness 
analysis suggested that MR-HIFU is a cost-effective treatment option for women with 
uterine fibroids (53-57), this has not been studied (yet) in the Netherlands and there is no 
reimbursement for it in the Netherlands up till now.

FUTURe PeRsPeCTIVes

state of affairs in clinical practice
Uterine fibroids are the most common benign gynecological tumors. Symptomatic uterine 
fibroids can cause significant morbidity with subsequent negative impact on a woman’s qual-
ity of life and social participation, and in this way impose a socio-economic burden, both for 
affected women and society. In spite of their high prevalence and burden, the Dutch Society 
of Obstetrics and Gynecology currently does not have a guideline for management of uterine 
fibroids. There are many different treatment modalities available for women with symp-
tomatic uterine fibroids and the appropriate treatment choice depends on the presenting 
symptoms, location and characteristics of the fibroid(s), a women’s age and preferences.(58) 
For the general management of uterine fibroids, flowcharts have been published to guide the 
decision making process.(59) MR-HIFU therapy is likely to be a high value treatment for 
at least a part of the women with uterine fibroids, and thus merits to be included in such 
flowcharts for their management.
Although MR-HIFU ablation already is an appropriate treatment option for part of the 
fibroid patient population in clinical practice, research continues to improve the treatment 
efficacy of MR-HIFU fibroid ablation including the work presented in this thesis. Never-
theless, several knowledge gaps remain: 1) the assessment of long-term and reproductive 
outcomes within a prospective study setting; 2) the lack of high-quality evidence from a 
solid RCT, which continues to be considered the cornerstone of evidence-based medicine, 
and 3) the additional value of minimally invasive therapy with a focus on cost-effectiveness 
as a substitute for surgery must be investigated, for example by a patient registry providing 
real-world data. Knowledge gaps persist on these three levels and further research should 
focus on closing those gaps, as will be further discussed below in “recommendations for 
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further research”. Importantly, conducting a successful RCT alone does not guarantee the 
clinical implementation of MR-HIFU. For example, uterine artery embolization is now a 
reimbursed minimally invasive treatment option for uterine fibroids due to its proven ef-
fectiveness in a RCT (60,61), but the widespread implementation of this minimally invasive 
fibroid intervention, the clinical adoption, lags behind. Thus, even if the research-to-practice 
gaps would be finally closed, an implementation strategy is needed to warrant that MR-
HIFU finds its way to clinical practice.
Implementation of MR-HIFU in clinical practice will require additional changes in the 
knowledge, awareness, attitude and habits of health care professionals. The treatment choices 
of women with symptomatic uterine fibroids are influenced if not guided by their gynecolo-
gists’ preferences. When making treatment decisions, several factors influence the health care 
professional, including professional tradition, education, infrastructure, insurance-based 
health-care systems and professional interest. All of these factors can cause general systematic 
and cultural barriers for the implementation of health care innovations, such as MR-HIFU. 
If these obstacles will not be overcome, they will remain potential ‘show-stoppers’ for the 
successful implementation of MR-HIFU therapy. These main barriers will be addressed 
further below in consecutive order.

•	 Professional	tradition:	Although	promoted	as	the	preferred	way	of	discussing	treatment	
options, shared patient-doctor decision-making is still not commonly implemented in 
daily routine practice.(62) Patient counseling tends to be incomplete and directive, and 
is easily based on the locally available treatment options.(63)

•	 Infrastructure:	Substitution	of	care	and	care	providers	is	still	very	limited.	Hospitals	are	
facing an increasingly competitive environment to maintain their viability. Moreover, 
partial or complete substitute for an existing procedure among different medical special-
ties causes shifting of costs and revenues, because procedures are much better paid as 
compared to patient counseling. This creates serious obstacles for innovation within a lo-
cal, regional, or national health care system. Furthermore, there is hardly any integration 
of care pathways to facilitate structured multidisciplinary organization of care processes 
across regions. When available, care pathways are often developed at a local level to meet 
local needs within one organization. Moreover, not every gynecologist can offer relatively 
new and innovative procedures to their patients due to the limited accessibility of techni-
cal information and specific medical equipment in their own clinical surroundings and 
not alle patients can be referred to another institution.

•	 Professional	interest:	Uterine	fibroids	belong	to	the	domain	of	the	gynecologist.	When	
gynecologists see patients with symptomatic uterine fibroids in need of non-conservative 
treatment they first think of treatment modalities belonging to their own expertise. With 
HIFU and embolization of fibroids, radiologists enter into the domain of gynecology. 
Since radiologists have to rely on referrals from gynecologists, the willingness from gyne-
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cologists to refer patients to the radiologist will be necessary. However, many gynecolo-
gists for various reasons prefer to operate on patients themselves instead of referring them 
to interventional radiologists as is the case with uterine artery embolization. Therefore, 
it is mandatory that radiologists and gynecologists will need to work closely together. In 
the ideal situation, a joint radiology/gynecology care pathway should be developed that 
will show integration. This also requires that interests of professional silos are overcome, 
and that the reimbursement system facilitates rather than hampers referrals.

•	 Awareness	and	education:	Gynecology	residents	in	training	need	to	gain	experience	in	
the operating room and must achieve competency in various surgeries. However, reforms 
of residency programs and reduction of working hours reduced surgical hands-on train-
ing exposure already significantly in the past decades, creating real concerns about this 
in teaching hospitals.(64) The adoption of MR-HIFU fibroid ablation in daily clinical 
practice would further decrease the number of hysterectomies.

•	 Insurance-based	health-care	systems:	currently	there	is	no	reimbursement	for	MR-HIFU	
fibroid ablation or other MR-HIFU therapies in the Netherlands. Obtaining reimburse-
ment is challenging because the criteria and procedures discourage and slow down the 
introduction of innovations. There are administrative, regulatory and bureaucratic 
institutional steps that are necessary to possibly qualify for reimbursement. Health-care 
innovations can be trapped in a vicious circle of systematically unavailable funds and not 
being able to fulfill the tasks necessary to obtain reimbursement without those resources. 
Furthermore, the current fee-for-service payment system instead of pay-for-performance 
hinders innovation and the development of Value-Based Health Care (VBHC).

All of the above barriers need to be addressed and eliminated. Fundamental changes are nec-
essary to really facilitate innovations in health care with the main focus: improving patient 
value. These changes will inevitably cause resistance and disruptions, but MR-HIFU can be 
a clear case for change and the lessons that are and will be learned will be applicable to other 
technical innovations.

Finally, the task of the medical specialist has evolved over the years. The physician’s role 
historically dominates the healthcare landscape, but the role of the medical specialist has 
transformed from being soloists to sophisticated team players. In our case MR-HIFU is a 
multidisciplinary team of gynecologists, radiologists, anesthesiologists, sedationists, (clini-
cal) physicists, technical physicians and radiological technicians. It is now up to all medical 
specialties to take responsibility and a guiding role to ensure the implementation of innova-
tions. This is not easy and requires long standing commitment and clinical leadership.



Discussion

167

Recommendations for research
As mentioned earlier, there are still several gaps in research as well as technical limitations 
that require attention because they currently hamper the clinical adoption of MR-HIFU 
fibroid ablation.
Firstly, there is no perfect imaging classifier or screenings tool available to select suitable pa-
tients. The development of a tool that can predict the ultrasonic heating efficiency of fibroids 
is warranted. This would eliminate the problem of treatment failures due to inadequate 
heating which currently has a negative impact on the results of MR-HIFU fibroid ablation.
Secondly, for women with a desire for future childbearing and symptomatic uterine fibroids 
MR-HIFU ablation is a promising treatment option. Although the existing data might 
be reassuring (20), there is little evidence available and there are no comparative studies 
between MR-HIFU and myomectomy that focused on reproductive outcomes. The role of 
MR-HIFU ablation for women with uterine fibroids and fertility problems should therefore 
be further explored. Among all women diagnosed with uterine fibroids, this subgroup of 
(younger) women with a fertility wish is likely to be small. For that reason, for this specific 
patient population it is nearly impossible to conduct a large volume high-quality com-
parative trial with the most important clinical end point of live birth rate only. Therefore, 
observational research designs with an endpoint such as time to live birth rate might be more 
appropriate to further explore and compare different treatment modalities for this specific 
patient population. Initial steps can already be undertaken by prospectively gathering of 
information on treatment outcomes (primarily reproductive outcomes) in a national or 
international data collection program/registry.
Lastly, and most importantly, a prospective study must be conducted in women with symp-
tomatic uterine fibroids to compare the clinical and cost-effectiveness and the patient value 
of surgery with less invasive treatment options including embolization and MR-HIFU fi-
broid ablation. An appropriate sample size for the comparative clinical trial must be selected 
with sufficiently broad inclusion criteria to constitute a study population reflective of the 
entire patient population. Ideally, the effectiveness of the therapeutic interventions should 
also be compared with hormonal therapy as well as expectant management (watchful waiting 
and monitoring) since fibroid-related symptoms are self-limiting after menopause. Study 
outcomes should be measured and reported according to principle of VBHC. Primary out-
comes should be patient-reported outcomes (PROs) including measures for health-related 
quality of life and social participation, before and after menopause. Finally, biomarkers as 
well as costs must also be evaluated.
With respect to the study design, an RCT is long considered the gold standard to evaluate 
the cost-effectiveness of a new treatment, but the methodology is nowadays often criticized.
(65) The main disadvantages are the high costs of conducting such a trial, the long time 
needed between the design and completion of the study, many exclusions leading to limited 
generalizability and questions about the real-world effectiveness. In the real world and the 
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era of shared decision-making, patient-centered and VBHC, patients choose the most ap-
propriate treatment according to their own values, needs and preferences, supported by their 
doctors. Our experience is that women with symptomatic uterine fibroid are not eager to 
be randomized because one of the treatment modalities the proposed RCT evaluates does 
not meet their individual values, needs and preferences. This has been confirmed since many 
patients declined randomization in a previous RCT.(16,18) Therefore, patient recruitment 
will be the main concern in running an RCT and a large sample size might not be achieved. 
Considering all these shortcomings, one may conclude that an RCT is the old standard 
and not the appropriate research model to evaluate the role of MRI-HIFU in the treatment 
arsenal for uterine fibroids. Therefore, other study designs such as a patient preference trial 
or patient registry would be more appropriate to assess the (cost) effectiveness of MR-HIFU 
fibroid ablation. A patient registry, for example, is particularly well suited for studying a 
broader population. It would be easier to achieve an adequate sample size, simulate the 
real-world situation and therefore better define the role of MR-HIFU fibroid ablation in 
clinical practice.

In summary, there are several key points to consider for future studies and each of the above 
study designs has strengths and limitations. Regardless of the selected study design, many 
will agree that this knowledge gap needs closing and deserves further attention. Thus, a 
high-quality comparative trial is warranted to determine the optimal management of uterine 
fibroids for the individual patient.
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IMPRoVIng TReaTMenT eFFICaCy oF  
MR-HIFU FIBRoId aBlaTIon

During the study period, MR-HIFU therapy for uterine fibroids was implemented in a 
non-academic hospital setting. The work carried out in this thesis focused on identifying 
and solving the main limitations of MR-HIFU fibroid ablation; (long-term) effectiveness, 
patient selection and treatment efficacy.

Part I – Treatment effectiveness
In chapter 2, the clinical outcomes after MR-HIFU fibroid ablation were reevaluated by 
excluding restricted treatment protocols. We showed that MR-HIFU treatments are more ef-
fective in alleviating fibroid-related symptoms and lower re-intervention rate when complete 
fibroid ablation is pursued. However, long-term data is lacking and there are no controlled, 
comparative trials available. Both should be subject of future research to define the role of 
MR-HIFU therapy in the management of uterine fibroids.

In chapter 3, long-term outcomes after MR-HIFU fibroid ablation were evaluated, primar-
ily to assess the re-intervention rate. Restrictive versus unrestrictive treatment protocols were 
compared, the re-intervention rate significantly decreased in the unrestrictive treatment 
protocol group, emphasizing the need to aim for complete fibroid ablation during MR-
HIFU therapy. Although the re-intervention rate did increase over time, no re-interventions 
were reported beyond 21 months follow-up in the unrestricted treatment protocol group.

Part II – Patient selection
In chapter 4, quantitative MRI was used to study various biological characteristics of uter-
ine fibroids. In this explorative study, it was possible to distinguish different uterine fibroid 
tissue types. Therefore, quantitative MRI could be a useful tool to optimize patient selection 
for MR-HIFU and other fibroid treatment modalities. However, the results of this study 
must be linked to treatment outcome in future research.

Part III – Treatment efficacy
In chapter 5, it was demonstrated that the treatment efficacy of MR-HIFU increased by 
implementing our newly developed 3-step manipulation protocol. Results showed that the 
number of women eligible for the procedure increased and the number of treatment failures 
due to unsuccessful positioning of the fibroid decreased. Thus, implementation of the 3-step 
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manipulation protocol led to less restricted screening guidelines and more gain during the 
MR-HIFU treatment.

In chapter 6, the use of DWI in monitoring the NPV without administrating a contrast 
agent was investigated. Visualization of the NPV with DWI was feasible and three distinct 
imaging patterns of the NPV on DWI were recognized. Importantly, a hyperintense rim on 
DWI (b-400,600,800) may indicate (near)complete fibroid ablation. In summary, DWI 
might be a promising tool for periprocedural monitoring of the NPV.
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HeT VeRBeTeRen Van de eFFeCTIVITeIT Van 
de aBlaTIe Van MyoMen MeT MR-HIFU

In 2016 werd MR-HIFU als behandeling van myomen geïmplementeerd in een topkli-
nisch ziekenhuis. Het werk uitgevoerd in dit proefschrift was gericht op het oplossen van 
de beperkingen van deze MR-HIFU behandeling, namelijk de lange-termijn effectiviteit, 
patiëntselectie en behandelefficiëntie.

deel I – effectiviteit
In hoofdstuk 2, werden de klinische uitkomsten na MR-HIFU behandeling van myomen 
opnieuw geanalyseerd door studies te excluderen die gebruik maakten van gelimiteerde be-
handelprotocollen. De geïncludeerde studies, die dus volledige myoom ablatie nastreefden, 
hadden gemiddeld een hogere effectiviteit en een lager aantal re-interventies gerapporteerd. 
Echter, bewijs van vergelijkende studies ontbrak en er was onvoldoende lange-termijn data, 
daarom zullen dit aandachtspunten zijn voor toekomstige onderzoeken om de rol van MR-
HIFU in het behandelpalet van myomen te bepalen.

In hoofdstuk 3, werden de lange-termijn resultaten na MR-HIFU ablatie van myomen on-
derzocht specifiek gericht op het aantal aanvullende behandelingen, oftewel het re-interventie 
percentage. Gelimiteerde versus ongelimiteerde behandelprotocollen werden vergeleken. 
Het aantal re-interventies nam significant af in de groep ongelimiteerde behandelingen, 
wat nogmaals het belang van streven naar complete ablatie benadrukt en hoewel het aantal 
re-interventies mettertijd toenam, werden er geen re-interventies meer gerapporteerd na een 
periode van 21 maanden follow-up in de groep ongelimiteerde behandelingen en bleek een 
plateaufase bereikt.

deel II – Patiëntselectie
In hoofdstuk 4, werd kwantitatieve MRI gebruikt om de verschillende biologische ken-
merken van myomen te onderzoeken. In deze exploratieve studie, bleek het mogelijk om 
verschillende soorten typen myoom weefsels van elkaar te onderscheiden. Derhalve zou 
kwantitatieve MRI een bruikbaar hulpmiddel kunnen zijn bij de selectie van patiënten 
voor MR-HIFU en andere myoombehandelingen. Dit zal echter in de toekomst nog verder 
moeten worden onderzocht en gekoppeld worden aan het behandelresultaat.
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deel III – Behandelefficiëntie
In hoofdstuk 5, werd aangetoond dat de behandel efficiëntie vergroot werd door het imple-
menteren en evalueren van een nieuw ontwikkeld 3-staps manipulatie protocol. Door het 
manipulatie protocol kwamen meer vrouwen in aanmerking voor een MR-HIFU behande-
ling en daalde tegelijkertijd het aantal technisch mislukte behandeling vanwege moeizame 
positionering. Dit benadrukt het belang van manipulatietechnieken tijdens MR-HIFU 
ablaties.

In hoofdstuk 6, het monitoren van het NPV middels MR-DWI was onderzocht zonder 
het gebruik van een contrastmiddel. Visualisatie van het NPV middels DWI bleek mogelijk. 
Een belangrijke bevinding was dat het NPV op de DWI-plaatjes kon worden geïdentificeerd 
aan de hand van verschillende beeldvormende kenmerken op basis van patroonherkenning. 
Een hyperintense rand om het myoom op DWI b-400,600,800 duidt op (bijna) complete 
myoom ablatie. Concluderend is DWI is een veelbelovend hulpmiddel voor per procedurele 
monitoring van het NPV.
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Abbreviations

lIsT oF aBBReVIaTIons

2D: Two-dimensional
3D: Three-dimensional
ACQ: Acquired
ADC: Apparent Diffusion Coefficient
BRB: Bladder filling, Rectal filling, Bladder 
emptying
CE: Contrast-enhanced
CTCAE: Common Terminology Criteria 
for Adverse Events
DISC: Direct Skin Cooling
DWI: Diffusion-Weighted Imaging
EPI: Echo Planar Imaging
FDA: Food and Drug Administration
FFE: Fast Field Echo
FOV: Field of View
Gd: Gadolinium
GRASE: GRadient And Spin Echo
HIFU: High-Intensity Focused Ultrasound
ISP: IntelliSpace Portal
METC: Medical Ethics Review Committee
MREC: Medical Research Ethics Commit-
tee Board
MRgFUS: Magnetic Resonance guided 
Focused Ultrasound Surgery
MR-HIFU: Magnetic Resonance image 
guided-High Intensity Focused Ultrasound
MRI: Magnetic Resonance Imaging

MUM: Manual Uterine Manipulation
NPV: Non-Perfused Volume
NSA: Number of Signal Averages
RCT: Randomized Controlled Trial
RFA: Radiofrequency Ablation
Scan%: Scan percentage
SE: Spin Echo
SI: Signal Intensity
SPAIR: SPectral Attenuated Inversion 
Recovery
SPIR: Spectral Presaturation Inversion 
Recovery
SSI: Scaled Signal Intensity
T: Tesla
TE: Echo Time
TFE: Turbo Field Echo
TR: Repetition Time
TSE: Turbo Spin Echo
tHRQL: transformed Health Related Qual-
ity of Life
tSSS: transformed Symptom Severity Score
UAE: Uterine Artery Embolization
UF: Uterine Fibroids
UFS-QoL: Uterine Fibroid Symptom 
Health-related Quality of Life questionnaire
UMCU: University Medical Centre Utrecht
VBHC: Value-Based Health Care
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Het promotietraject was een groot avontuur waar ik met veel plezier op terugkijk. Het klinkt 
misschien cliché, maar het was een lange reis met vele hoogte- en dieptepunten. Deze bij-
zondere tocht had ik nooit af kunnen leggen zonder hulp van collega’s, vrienden en familie. 
Ik wil via deze weg graag alle mensen bedanken die een bijdrage hebben geleverd aan dit 
proefschrift.

Allereerst de vele patiënten die hebben deelgenomen aan de verschillende onderzoeken. 
Zonder jullie hulp was dit proefschrift nooit tot stand gekomen. Het is essentieel dat jullie 
bereid waren om mee te doen met de diverse studies en een bijdrage wilde leveren aan 
wetenschappelijk onderzoek.

Geachte prof. dr. Moonen, beste Chrit, het is een behoorlijke rollercoaster geweest en ik ben 
je dan ook ontzettend dankbaar voor je onvoorwaardelijke steun. Ik mijn eerste telefoontje 
naar jou als promotor nog goed. Ik zat vast op een boot in de dierentuin tijdens ons eerste 
congres in Leipzig. Jij was de enige die ik kon bellen in nood en gelukkig nam je op! Net als 
tijdens alle andere momenten die volgden bleef jij rustig, maar schoot ook direct te hulp. 
Die rust is oh zo belangrijk geweest voor mijn projecten en daar ben ik je enorm dankbaar 
voor. Hartelijk dank voor deze prachtige jaren. Hopelijk mogen we nog lang samenwerken.

Geachte prof. dr. Franx, beste Arie, vanaf de eerste ontmoeting was jij ervan overtuigd dat 
het wel goed zou komen met die promotie en uiteindelijk kreeg jij gelijk. Jouw wetenschap-
pelijke input was zeer belangrijk, want door jou kreeg de patiëntwaarde een prominente 
plaats in de onderzoekslijn. Bovendien las jij elk stuk zeer kritisch en dit maakte de artikelen 
altijd beter. Met jouw enorme management talent, kreeg het promotietraject structuur met 
een vaste groep mensen en overlegmomenten. Zat ik er even doorheen dan stond je altijd 
klaar om mij te ‘managen’. Jij leerde mij prioriteiten te stellen en keuzes maken. Daarnaast 
maakte je mij ook bewust van mijn valkuilen en kwaliteiten. Dat was onmisbaar in dit hele 
avontuur.

Geachte dr. ir. Bartels, beste Wilbert, dank voor de intensieve begeleiding de afgelopen jaren. 
Dat het promotietraject ook een wetenschappelijk opleiding is, dat ondervond ik dankzij 
jou. De dinsdagen met MRI bijles, die ik overigens absoluut nodig had, waren voor mij 
telkens weer een openbaring. Ook stelde jij kritische vragen als ik weer met een nieuw idee 
kwam voor een studie of artikel. Jouw kennis heeft mij veel geleerd over wetenschappelijk 
onderzoek en jij leerde mij bovenal dat het mijn proefschrift is. Dat ik dus ook mijn eigen 
keuzes mocht en moest maken. Daarvoor ben ik je zeer dankbaar.
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Geachte dr. Boomsma, beste Martijn, zonder jou was dit hele proefschrift er nooit geweest 
en ik wil je hartelijk danken voor alle kansen die jij mij hebt gegeven. Het was een bijzondere 
reis en ik zal altijd met veel plezier terugdenken aan onze jarenlange samenwerking. Bijvoor-
beeld de sushiavonden die we hadden om ‘even’ de stand van zaken rondom alle projecten te 
bespreken. Je gaf mij al vroeg in mijn carrière veel vrijheid en hebt het mogelijk gemaakt dat 
ik het wetenschappelijk onderzoek kon combineren met radiologisch klinisch werk. Ik heb 
ontzettend veel bewondering voor het feit dat jij anderen kunt enthousiasmeren en soms het 
onmogelijke, mogelijk maakt.

Geachte leden van de promotiecommissie, prof. dr. S. Veersema, prof. dr. H.M. Verkooijen, 
prof. dr. B.W. Raaymakers, prof. dr. J.J. Fütterer, prof. dr. W.J.W. Bos en dr. R.J.M. Dillmann 
hartelijk dank voor het doornemen van het proefschrift. Ik kijk uit naar de verdediging.

De MR-HIFU radiologen:
Rolf, ik kan onze samenwerking samenvatten in één woord: briljant! Want welke radioloog 
kwam ook alweer op het idee om Metamucil te gaan gebruiken? Verder wist je altijd de 
artikelen taalkundig naar een hoger niveau te tillen. Ook buiten Isala hebben we veel lol 
gehad bijvoorbeeld tijdens de RSNA in Chicago. Je favoriete vakantiebestemming was bij 
mijn familie een groot succes en je hebt ook nog achter mijn rug om meegewerkt aan een 
complot met het aanzoek van Zeno.
Erwin, jij was mijn voorganger op het MR-HIFU project. Toen ik wilde beginnen aan de 
systematic review trok jij een kastdeur open met allemaal gesorteerde mappen, dus eigenlijk 
was al het voorwerk al gedaan. Verder delen we onze smaak met betrekking tot muziek en tv 
programma’s die nooit onbesproken bleven. De speciale MR HIFU Spotify playlist die we 
speelden tijdens de behandelingen was toch wel een van de hoogtepuntjes van de afgelopen 
jaren.
Miranda, toch wel het grootste HIFU talent van iedereen. Of het nou geluk was of wijs-
heid, daar kom ik nooit meer achter denk ik. Wie weet waren het toch jouw handgebaren 
waardoor de temperatuur sneller steeg in het myoom. Geduldig waren we in ieder geval 
allebei niet. Ik heb enorme bewondering voor jouw professionaliteit en heb genoten van 
onze samenwerking. Voor advies kon ik altijd bij je terecht; of het nou over werk ging of 
over trouwjurken.

De HIFU laboranten: Evenita, Heijn, Paulien, Jasper, Nick en Nikki, ontzettend bedankt 
voor jullie tomeloze inzet tijdens de MR-HIFU behandelingen. Jullie waren altijd bereid 
om mee te denken en om nieuwe dingen uit te proberen. Dat heeft zeker zijn vruchten 
afgeworpen. Uiteraard ook alle andere laboranten van Isala, met name de gesubspecialiseerde 
MRI-laboranten. Dank voor het scannen van de patiënten en het vervaardigen van alle 
prachtige MRI-scans.
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Alle leden van de maatschap radiologie Isala: dank dat jullie dit promotietraject mogelijk 
hebben gemaakt. Mark, Geert Jan, Rogier, Leo, Liesbeth, Fons, Kim-My, Martijn, Matthias 
en Bert Jan dank voor de support. Jullie waren allemaal fantastische collega’s. Ik heb in Isala 
een geweldige tijd gehad bij jullie op de afdeling. In het bijzonder wil ik nog een aantal 
mensen bedanken:
Jaqueline, Robert, Kai en Feline, hartelijk dank voor jullie gastvrijheid. Altijd kon ik bij jullie 
terecht als ik niet meer terug wilde rijden naar Amsterdam. Wat heb ik genoten van jullie 
huisje, de kinderfeestjes, liters cola en bovenal pannenkoeken met frikandel. Jackie wat was 
ik toch blij als jij ook dienst had en wat maakte jouw aanwezigheid die lange avonden en 
weekenden toch een feestje. Ik kon altijd bij je terecht voor serieuze zaken, maar je was ook 
altijd in voor een geintje met toch wel die neptattoo als toppunt. Ik mis jou en je lieve gezin. 
Hopelijk kan ik snel weer langskomen!
Zwenneke, onze gesprekken gedurende het dedicated schakeljaar en de jaren erna zijn 
voor mij heel belangrijk geweest en hebben mij enorm geholpen in mijn ontwikkeling als 
persoon. Vooral als ik er even doorheen zat was het zo fijn om een luisterend oor te hebben. 
Er waren ook vele hoogtepunten, waaronder het kerstdiner in Epe waar jij een fantastische 
avond had georganiseerd.
Jan, wat zal ik onze gesprekken en jouw humor in de research ruimte missen. Altijd kwam 
jij langs om een praatje te maken en dan nam jij plaats op een stoel naast mij. Dan nam je 
gerust een half uur de tijd om bij te praten zodat we precies wisten wat de stand van zaken 
was. Ik wens jou, en natuurlijk ook Bram, het allerbeste.
Henk, bedankt dat je altijd tijd vrijmaakte voor een borreltje als een van ons hier behoefte 
had, ook dat waren onvergetelijke momenten. Ik hoop dat we snel samen weer een biertje 
kunnen drinken in Amsterdam.
Boudewijn, dank voor de begeleiding tijdens mijn schakeljaar maar natuurlijk ook bedankt 
dat jij mij hebt voorgesteld aan Marieke. Verder hoop ik het ooit nog zover te schoppen in 
het onderzoek als jij, met al die bergen aan citaten.
Corné, naast de gezellige momenten wil ik je ook vooral bedanken als RvE manager voor 
de mogelijkheid om dit onderzoek te kunnen uitvoeren in Isala. Uiteraard moet ik ook 
Coen van Delden bedanken, jij hebt het mede mogelijk gemaakt dat ik al die jaren in Isala 
onderzoek kon blijven doen.

Uiteraard wil ik ook de Raad van Bestuur van Isala en Medisch Specialisten Bestuur bedan-
ken voor hun ondersteuning bij dit promotietraject. Daarnaast ook alle gynaecologen van 
Isala dank voor jullie hulp bij de patiënt inclusies. Ben Cohlen en Lido Sublink jullie wil ik 
bedanken als RvE managers voor het mogelijk maken van deze onderzoeksprojecten op de 
afdeling gynaecologie van Isala.
Joke, een betere lerares had ik mij niet kunnen wensen. De ‘uterus flip’ methode was zonder 
jou nooit geïmplementeerd en de uitvoering ervan was één van de meest bijzondere momen-
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ten tijdens de onderzoeksfase. Daarnaast heb jij me aangestoken met jouw ambitie, passie 
en doorzettingsvermogen, zo hebben we nog samen de halve marathon van Zwolle gerend.
Jeroen, vanaf het begin was jij enorm betrokken bij het project. Jij hebt een onmisbare 
rol gespeeld bij de implementatie van de MR-HIFU. Het was ontzettend leerzaam en het 
was fijn dat ik je altijd kon bellen wanneer ik nog met vragen zat. Ook het starten van de 
HIFU MDO’s was enorm belangrijk voor het latere succes. Jij was enorm betrokken bij de 
patiënten en hebt een grote bijdrage geleverd aan de projecten.
Jolien, wat hebben we samen toch veel meegemaakt in die paar jaartjes. We waren samen 
met Kimberley toch echt MASSters en niks was te gek. In de vroege ochtend, ver voordat 
het OK programma begon, de dag beginnen met een echo elastografie, om vervolgens de dag 
op dezelfde manier weer af te sluiten. Het waren lange dagen met sloten koffie. Je hebt een 
grote input gehad in de retrospectieve MR-HIFU studie wat je allemaal combineerde met 
full-time klinisch werk. Marlot, vriendin en collega, heeft dat project uitgevoerd waarvoor 
veel dank. Niet alleen voor het wetenschappelijk deel, maar natuurlijk ook voor alle steun 
daaromheen. Later heeft Roelien ons allemaal nog goed geholpen om de studie echt af te 
ronden.

Harry Naber en de sedationisten van Isala (Erwin, Edwin, Maarten, Coen en Mariette), 
dank voor jullie hulp bij de uitvoering van de studies en ondersteuning bij de MR-HIFU 
behandelingen. Het was een proces waarin we gaandeweg veel leerden, het was heel fijn dat 
jullie flexibel waren en altijd openstonden voor nieuwe ideeën. Erik Phernambucq, ook jij 
natuurlijk bedankt voor alle hulp en de prettige samenwerking.

Mireille en Ingrid, bedankt voor het meedenken over de studie designs en jullie statistische 
bijdrage aan de studies in dit proefschrift. Mireille, dank voor je snelle schakelen. Je stond 
altijd klaar om hulp te bieden en advies te geven wanneer ik ergens was vastgelopen. Ingrid, 
als coassistenten begeleider heb je mij al enorm geholpen en je hebt een grote bijdrage gele-
verd aan de totstandkoming van mijn schakeljaar. Ook wil ik je hartelijk bedanken voor je 
kritische blik op de artikelen. Ik heb respect voor alles wat jij hebt weten te bereiken. Je bent 
echt een topper in het schrijven van projectaanvragen!

Edwin, jij bent vanaf begin af aan betrokken geweest bij dit promotietraject, eigenlijk eerder 
dan ik. Wat heb ik het gewaardeerd dat je speciaal in Zwolle langskwam om mij op weg te 
helpen. Nooit was iets teveel gevraagd. Als het nodig was dan kwam je ons elke MR-HIFU 
behandeling steunen en immer bleef jij optimistisch. Jij bent een ontzettend fijne collega 
met een tomeloze hoeveelheid energie. Het bezoek aan Keulen tijdens mijn eerste onder-
zoeksjaren blijft een hele goede herinnering. Ook bedankt voor het introduceren van Pieter 
Vos, die een grote bijdrage heeft geleverd aan de MaSSI studie met een mooi eindresultaat 
als gevolg.
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Applicatiebeheerders, in het bijzonder Gerard, jullie stonden altijd klaar om technische 
problemen op te lossen en mee te denken over een oplossing. Hartelijk dank!

Administratie, lieve dames, wat waren jullie altijd behulpzaam als ik weer eens langskwam 
met een verzoekje. Niks was te gek en jullie konden altijd alles wel even last-minute regelen.

Beste Jurgen te Rijdt, tijdens mijn coschappen heb jij ervoor gezorgd dat ik tijd kreeg om de 
onderzoeksprojecten op te starten. Het was in die fase simpelweg te veel om te combineren 
en mede dankzij jou ben ik die periode doorgekomen. Hartelijk dank dat jij in die onder-
zoeksfase zoveel voor me geregeld hebt.

Een aantal collega’s uit het UMCU wil ik natuurlijk ook graag in het bijzonder bedanken:
Manon, dank voor het meewerken aan de retrospectieve studie, maar ook omdat ik altijd 
welkom was in Utrecht wanneer ik een MR-HIFU behandeling wilde volgen.
Jouw expertise heeft zeker geholpen bij de implementatie van MR-HIFU in Isala. Clemens, 
ondanks dat wij uiteindelijk nooit echt samen aan een project hebben gewerkt vond jij altijd 
wel even tijd om mee te denken over mijn studieresultaten. Ook denk ik met veel plezier 
terug aan de vele gezellige momenten op alle congressen. Marcia, samen hebben we toch 
mooi de inclusies van de pre-FURTHER studie kunnen afronden en natuurlijk wens ik je 
heel veel succes met het afronden van je eigen promotie.
Cyril, het was een eer om jouw kamergenoot te mogen zijn in Utrecht. Al moet ik zeggen 
dat je wel de meest luidruchtige ooit was. Urenlange Franse rap met zelfs je eigen num-
mer. Ondanks dat het niet bepaald mijn muzieksmaak was, kon ik er snel aan wennen. Je 
was ontzettend geduldig en wilde altijd meedenken over projecten. Ook op de congressen 
was het altijd gezellig met als dieptepunt die avond in Barcelona waarop ik de kroeg werd 
uitgezet. Ik hoop dat ik je nog vaak ga tegenkomen de komende jaren en ik wens je heel veel 
succes met je verdere carrière.

Lieve Britt, wat ben je toch een ontzettend fijne, gezellige, collega en vriendin. Aan onze 
woensdagavonden in jouw heerlijke huis in Zwolle heb ik zoveel goede herinneringen. 
Tijdens die logeerpartijtjes konden we eindelijk bijpraten, vaak tot in de late uurtjes, en 
daarnaast werd er meestal hard gewerkt. Als we vonden dat we genoeg hadden gedaan, dan 
mocht er een flesje wijn open zodat we onze nieuwe wetenschappelijke ideeën en ervaringen 
met het promoveren samen konden delen. Ik kan je niet genoeg bedanken voor de gastvrij-
heid en het aanhoren van al mijn verhalen tijdens onze urenlange telefoongesprekken. Jij 
bent een heel bijzonder persoon en ik benijd je kwaliteiten. Ik weet zeker dat je met jouw 
doorzettingsvermogen en gedrevenheid een succes zult maken van jouw eigen promotie!
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Lieve research collega’s; Ruud, Jochen, Lynn, Jorik, Anouk en Vivian, bedankt voor de fijne 
samenwerking en gezellige tijd in de research ruimte. Ruud, toen ik net was begonnen met 
het onderzoek was jij toch wel mijn redder in nood. Zoekende als ik was probeerde jij me te 
helpen mijn weg te vinden. Wat was ik blij als ik wist dat jij trainingsavond had zodat ik niet 
alleen in de research ruimte hoefde te zitten. Dank voor de hulp en ik vind het fantastisch 
dat we nu collega’s zijn in het AMC! Mitzi ook jij bedankt voor het helpen bij de laatste 
loodjes en de fijne koffiemomentjes op de afdeling. Veel succes met het afronden van je eigen 
promotieonderzoek.
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nog niet lang, maar jullie hebben ervoor gezorgd dat ik mijn promotie goed kon afronden 
naast mijn opleiding. Maartje en Roel jullie natuurlijk in het bijzonder bedankt voor de 
flexibiliteit die mij geboden is. Marieke Sprengers ook jou wil ik hartelijk danken voor je 
betrokkenheid. Ik hoop dat we de komende jaren nog veel kunnen samenwerken.

Lieve Clubgenootjes en oud-huisgenootjes uit Groningen, lieve Wonka’s, lieve Uitjes, jullie 
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voor de gezelligheid de afgelopen jaren. Feestjes tot in de vroege uurtjes en fantastische 
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gedurende de onderzoeksfase. Ik vind jullie allemaal toppers en zonder jullie had ik deze 
promotie niet kunnen afronden!

Louise, bedankt voor de sportieve afleiding tijdens mijn promotie. Samen afspreken om eerst 
te gaan Blazen en vervolgens nog even te gaan zwemmen, om vervolgens heerlijk voor mij te 
koken (of sushi te bestellen). Natuurlijk gaat mijn dank ook uit naar jouw zusje, Charlotte, 
voor het ontwerp van de voorkant van dit proefschrift. Lou, dank voor alle steun en begrip 
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lukken!

Wietske, ik weet niet eens waar ik moet beginnen. Er zijn zoveel dingen waarvoor ik je zou 
willen bedanken. Jij hebt de hele onderzoeksfase meegemaakt van begin tot eind, Groningen 
- Toronto - Zwolle - Amsterdam. Jij staat altijd voor mij klaar, het maakt niet uit wanneer of 
waarover het gaat. Ik vertrouw jou blindelings en ik kan alleen maar hopen dat we nog net 
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en ben je zelf begonnen met een promotietraject. Ik wens je heel veel succes toe en weet zeker 
dat je het gaat halen. Tot snel buurvrouw!

Mary, wat ben ik blij dat jij mijn paranimf wilde zijn. Jij bent een fantastische projectmana-
ger en laat je nooit gek maken. Als meiden van de BT2 heb jij de afgelopen jaren er absoluut 
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voor gezorgd dat mijn weekenden een feestje waren. De talloze vrijmibo’s, dubbel dates, 
espresso martini’s en ijsbekers ben & jerry’s kon ik de hele week naar uitkijken. Oké onze 
mannen hebben hier misschien ook een klein aandeel in gehad, dus Jelle ook jij bedankt. Ik 
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bij het afmaken van je promotie.
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de interesse in de Radiologie versterkt en daarom begon zij tijdens haar coschappen in Isala 
onder begeleiding van dr. M.F. Boomsma met haar promotieonderzoek in samenwerking 
met het Universitair Medisch Centrum Utrecht o.l.v. prof. dr. C.T.W. Moonen, prof. dr. A. 
Franx en dr. ir. L.W. Bartels. Het laatste jaar van haar coschappen heeft Inez een ‘dedicated 
schakeljaar’ doorlopen op de afdeling radiologie te Isala zodat zij zich kon verdiepen in de 
radiologie en in deeltijd reeds aan haar promotie kon werken. Vervolgens heeft zij twee 
jaar full-time aan haar promotie gewerkt in Zwolle waarna zij 1 april 2020 is begonnen als 
arts-assistent in opleiding tot radioloog in het Amsterdam Universitair Medische Centrum 
waar zij tijdens het eerste opleidingsjaar haar proefschrift heeft afgerond.
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