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Introduction and thesis outline

IntrodUCtIon

Epidemiology of breast cancer

In the Netherlands, about 1 out of 8 women is expected to develop breast cancer during 
her life [1,2]. Breast cancer is the most frequently diagnosed cancer and the leading 
cause of cancer death among females around the globe [3]. In 2008, it was diagnosed in 
almost 1.4 million women worldwide, comprising 23% of all invasive cancer diagnoses. 
In the same year, the disease killed about 459 000 women, accounting for almost 14% of 
all cancer deaths [4]. During the last decades of the 20th century, breast cancer incidence 
rates increased with 30 to 40% in the majority of the Western countries [5]. Multiple 
reasons are thought to be responsible for this rise in incidence, with the most important 
factors being the introduction of breast cancer screening, changes in reproductive 
factors, and lifestyle differences. Nowadays, incidence rates of breast cancer are much 
lower in developing countries compared to economically prosperous countries [6]. Re-
cent data, however, show an increase in breast cancer incidence in developing countries 
as well, caused by a shift towards a more ‘westernized’ lifestyle and the introduction of 
nationwide screening programs. Subsequently, the worldwide global burden of breast 
cancer will continue to increase during the coming decades.

Early-stage breast cancer in older patients

Approximately 60% of patients in Western countries are nowadays diagnosed with 
localized breast cancer [7]. The introduction of mammographic screening programs is 
considered to be largely responsible for this increasing rate of patients with early-stage 
disease [8,9]. This dramatic rise in incidence, however, is accompanied with only a mod-
est decline in late-stage disease and mortality [10]. One of the possible explanations 
for this discrepancy is that screening mainly detects indolent, low-risk cancers, while a 
substantial part of the aggressive, high-risk cancers is not detected. The difference be-
tween increasing rates of early-stage breast cancer and the minor reduction in mortality 
suggests that overdiagnosis of breast cancer is an important issue. Bleyer et al. even 
suggest that overdiagnosis accounts for about one third of all newly diagnosed breast 
cancer cases [9]. Furthermore, cancer is primarily a disease of the elderly. The median 
age at breast cancer diagnosis is around 61 years and nearly 50% of all patients are over 
65 years old at the moment of diagnosis [11]. Biologically low-risk tumors are frequent in 
women older than 50 years and the likelihood of having a tumor with a good prognosis 
increases with age [12]. In addition, detection by mammographic screening is also as-
sociated with a significant higher chance of biologically low-risk tumors.
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the evolution of breast cancer treatment

Until the second half of the 20th century, radical mastectomy was standard of care in the 
majority of patients with breast cancer. This highly aggressive surgical procedure is also 
known as the Halsted mastectomy and includes dissection of the entire breast, underly-
ing chest muscles and axillary lymph nodes [13]. At the end of the 19th century, when the 
Halsted mastectomy was introduced in clinical practice, it was believed that breast can-
cer consistently begins as a strictly local disease. Supporters of this ‘Halstedian’ theory 
believed that distant metastases are caused by tumor cell migration through the lym-
phatics. Very aggressive local therapy was therefore justified to prevent this tumor cell 
migration. However, also after destructive surgical procedures, a considerable percent-
age of patients still developed metastases at distant sites. Next, dr. Fisher promulgated 
that breast cancer is predominantly a systemic disease at the time of diagnosis with the 
‘systemic’ theory [14]. Proponents believed that effective systemic therapy is the most 
important key in breast cancer therapy and that improvement of local control would 
only have a minimal effect on overall survival. Then, the lumpectomy was introduced 
as surgical procedure for the local removal of small breast tumors. Adjuvant whole 
breast irradiation proved to be necessary to limit the number of local recurrences [15]. 
Nowadays, breast-conserving therapy (BCT), i.e., the combination of lumpectomy with 
whole breast irradiation, is standard of care in patients with early-stage breast cancer. 
BCT has shown equal 20-year survival rates compared to radical mastectomy (58.3% 
versus 58.8% for all-cause mortality) [16].
The increase in early-stage breast cancer incidence in elderly patients combined with 
the risk of overdiagnosis emphasizes the need for less aggressive breast cancer therapy 
to reduce the treatment burden for patients and society. Den Hartogh et al. showed 
that the excised tissue volume during breast-conserving surgery was not associated 
with microscopic tumor size [17]. Also the irradiated postoperative complex volume 
did not show a clinically relevant association with the microscopic tumor diameter [17]. 
Taking these results into account, one may conclude that it is possible to enhance cur-
rent treatment strategies. Possible improvements may be the use of better methods for 
tumor localization during surgery or the reduction of postoperative irradiation volumes 
by advances in imaging methods for target definition. In addition, minimally invasive 
thermal ablation techniques may be used for local breast tumor ablation. In the past two 
decades, several of these techniques, for example cryoablation, radiofrequency ablation, 
and microwave ablation, have been investigated for breast cancer treatment [18-20]. 
During treatment with these percutaneous techniques, a needle or probe is inserted 
into the tumor to achieve local tumor ablation. High-intensity focused ultrasound (HIFU) 
is a completely noninvasive technique which can be used for tumor ablation. During 
HIFU, ultrasound waves travel harmlessly through the skin and surrounding tumor tis-
sues, while energy deposition is mainly accomplished in the focal area [21].
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High-intensity focused ultrasound

In 1942, Lynn et al. reported about the potential clinical applications of focused ultra-
sound by producing areas of focal heating in paraffin blocks, liver tissue, and animal 
brains [22]. HIFU does not require an incision with a knife or probe, because ultrasound 
waves can penetrate through the intact skin and superficial tissues without causing 
injury to these structures [21]. One of the major effects of HIFU in tissue is the conversion 
of mechanical energy into heat through absorption, which causes a rise in temperature 
in the targeted area. If the temperature rises above a threshold of 56 °C for at least one 
second, rapid thermal toxicity induces coagulation necrosis resulting in irreversible cell 
death [23]. Another important mechanical effect of HIFU is the phenomenon of acoustic 
cavitation. This is an interaction of a sound field with microscopic gas bodies. Examples 
of applications based on this phenomenon are disruption of the blood-brain-barrier, 
selective vascular damage, and gene delivery [21].
Despite the diversity of treatment opportunities and promising results in first studies, 
HIFU has not yet been widely used in clinical practice in Western countries. The most im-
portant reason for its slow implementation is the lack of an accurate imaging modality 
to guide the procedure. Previously, ultrasound was mostly used do guide HIFU. In China 
and several other oriental countries, this is still the imaging modality of choice to guide 
HIFU treatments. In these countries, thousands of patients with uterine fibroids, liver 
cancer, breast cancer, pancreatic cancer, bone tumors, and renal cancer have already 
been treated with ultrasound-guided HIFU [24]. Disadvantages of this imaging method, 
however, are its low image quality, the small field of view, and the operator dependence. 
Last but not least, ultrasound-based temperature measurements are not clinically ap-
plicable yet, although several groups reported promising results for ultrasound-based 
noninvasive temperature estimations [25,26]. Magnetic resonance imaging (MRI) 
provides anatomical images with excellent soft tissue contrast and a high spatial and 
temporal resolution. In the 90s, Cline et al. proved the feasibility of the combination of 
MRI and HIFU, and demonstrated that MR imaging can be used for target definition and 
control of focused ultrasound thermal therapy [27].

Magnetic resonance imaging of the breast

At the end of the 1980s, dynamic contrast-enhanced (DCE) breast MRI using gadolinium-
based contrast agents was introduced as an imaging modality for the detection and 
characterization of tumors in the breast [28]. The technique proved to be very sensitive 
(>90%) for the detection of invasive breast cancer and was increasingly used for the 
evaluation of suspicious lesions in the breast [29]. The role that MRI can play in the man-
agement of breast cancer is multifold. The most important indications for a preoperative 
breast MRI are patients with newly diagnosed invasive lobular carcinoma, patients with 
dense breasts, a discrepancy in size (> 1 cm) between X-ray mammography and breast 
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ultrasound, and patients eligible for partial breast irradiation based on clinical examina-
tion and conventional imaging [30,31]. Furthermore, MRI has shown to be the imaging 
method of choice with regard to the monitoring of tumor response in patients receiving 
neo-adjuvant chemotherapy [30,31]. In addition, it has shown to be the most accurate 
imaging technique for the assessment of the size and extent of an invasive breast tumor 
[32,33]. Therefore, MRI seems to be the best imaging method for target definition before 
HIFU treatment. Another advantage of the technique is the possibility to use MR ther-
mometry for three-dimensional mapping of temperature changes during HIFU ablation 
[34]. Finally, MRI can be used for the evaluation of treatment results.

Mr-HIFU for breast cancer

A small number of articles have been published about the treatment of breast cancer 
patients using MRI-guided high-intensity focused ultrasound (MR-HIFU) ablation. In 
2001, Huber et al. were the first to report about MR-HIFU ablation in one breast cancer 
patient who underwent breast-conserving surgery five days after MR-HIFU treatment 
[35]. Between 2003 and 2007, several articles were published about MR-HIFU ablation 
of breast cancer patients. Most studies were performed according to a treat-and-resect 
protocol, whereby patients underwent surgical resection within two weeks after MR-
HIFU ablation. Results of MR-HIFU treatment were mainly evaluated based on histo-
pathological analysis after surgical resection [36-40]. Results were moderate because no 
study could accomplish complete tumor ablation in all treated patients. The ExAblate 
2000 (InSightec-TxSonics, Haifa, Israel and Dallas, Texas), a system originally developed 
for uterine fibroid ablation, was mostly used for MR-HIFU breast tumor ablation [36,38]. 
None of the previous studies used a platform which was specifically developed for abla-
tion of tumors in the breast. Treatment outcomes may improve if a dedicated system is 
used for breast tumor ablation.

oUtlInE oF tHE tHEsIs

This thesis focuses on the application of MRI-guided high-intensity focused ultrasound 
ablation for the treatment of patients with breast cancer. The thesis is divided into three 
parts.
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Part I  
Breast MrI for the diagnosis and selection of patients with early-stage breast 
cancer

In the first part of this thesis, research is described which was carried out to establish 
the role of breast MRI in patients with early-stage breast cancer. The introduction of 
mammographic screening programs has caused a large increase in the percentage of 
patients who present with clinically occult breast cancers. Chapter 2 deals with the 
diagnostic accuracy of DCE breast MRI at 3T in patients with nonpalpable BI-RADS 3-5 
lesions based on conventional imaging. In this study, the additional value of breast MRI 
over mammography and breast ultrasound was assessed. Besides, interobserver varia-
tion was evaluated among three different MRI readings. In addition to the diagnosis of 
malignant tumors in the breast, DCE breast MRI can also be used to select patients for 
minimally invasive therapy, e.g. by indicating or excluding the presence of multifocal 
or multicentric disease. The eligibility of patients for minimally invasive breast cancer 
therapy depends on several factors such as prognosis, biological characteristics, and the 
location of a tumor in the breast. In chapter 3, the eligibility of patients for minimally 
invasive breast cancer therapy was investigated in view of tumor location and different 
treatment and safety margins between tumors and critical organs. Tumor, skin, and pec-
toral muscle were semi-automatically segmented in MR images of patients with invasive 
ductal carcinomas. The shortest distances from tumors to skin and pectoral muscle were 
measured, and proportions of eligible patients for minimally invasive breast cancer 
treatment were calculated for several treatment and safety margins. Subsequently, dif-
ferences in eligibility between subgroups were evaluated.

Part II  
technical aspects of Mr-HIFU for breast tumor ablation

Despite promising results reported in previous studies about MR-HIFU ablation of tu-
mors in the breast, the technique has not yet been routinely used in clinical practice. 
Optimization of the HIFU technique, as well as technical developments in the field of MR 
imaging, are required to accomplish clinical translation of the technique. In chapter 4, a 
dedicated MR-HIFU breast platform is presented, which was specifically developed for the 
treatment of tumors in the breast. The system combines a volumetric ablation approach 
with a wide aperture transducer that targets the breast laterally. Furthermore, the role 
of MRI for target definition and treatment monitoring during MR-HIFU ablation in the 
breast is described. Finally, both technical and clinical challenges are exemplified which 
have to be addressed before clinical translation can be accomplished. Chapter 5 reports 
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on the effects of MR-HIFU ablation and thermal exposure on ex vivo human breast tissue. 
Sonications were performed in the fibroglandular and adipose tissue of cadaveric breast 
specimens using the prototype clinical MR-HIFU system. Time-resolved anatomical MR 
images were acquired during MR-HIFU ablation to monitor macroscopic tissue changes. 
A thermocouple was used to measure temperatures in the breast tissue before, during, 
and after MR-HIFU ablation. In addition, thermal exposure experiments were performed 
to distinguish between different levels of thermal damage at histopathology. Chapter 6 
describes a study in which the performance of proton resonance frequency shift (PRFS) 
MR thermometry in volunteers and patients is reported. PRFS MR thermometry in the 
breast is prone to artifacts caused by magnetic field fluctuations related to changes in 
the spatial magnetic susceptibility distribution due to the changing lung volume over 
the respiratory cycle [41]. Two methods for the correction of these respiration-induced 
artifacts were compared in volunteers during normal breathing and in patients under 
conscious sedation. Second, the spatial targeting accuracy and precision of sonications 
with the dedicated breast platform were assessed based on MR thermometry measure-
ments. The spatial targeting accuracy was defined as the distance between the mean 
center of mass of the spatial heating pattern and the planned treatment position. The 
precision was defined as the standard deviation of the distribution of the distance 
between the center of mass in time and the mean center of mass. The reproducibility 
of the temperature increase during sonications was analyzed by comparing successive 
sonications at the same location in the tumor. Finally, the temperature evolution in the 
imaging slice positioned at the pectoral muscle was analyzed to evaluate the possible 
temperature increase of structures in the far-field.

Part III  
Mr-HIFU ablation in breast cancer patients

Chapter 7 discusses some issues which have to be addressed in future studies on 
image-guided breast cancer treatment. First, the major relevance of an accurate patient 
selection is emphasized. Second, the importance to treat margins around the primary 
invasive tumor during minimally invasive therapy is highlighted. Finally, it is emphasized 
that MRI is the preferred imaging modality to guide minimally or noninvasive tumor ab-
lation in the breast. The last chapter of this thesis, chapter 8, reports on a phase I clinical 
trial assessing the safety and feasibility of MR-HIFU ablation in breast cancer patients. In 
this study, ten breast cancer patients underwent MR-HIFU ablation using the dedicated 
MR-HIFU breast platform which is described in chapter 4. Surgery was performed within 
one week after MR-HIFU ablation. Monitoring of adverse events was done until patients 
underwent surgical tumor resection. Directly after MR-HIFU ablation, contrast-enhanced 
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breast MR imaging was performed to assess the presence of non-perfused volumes. The 
maximum temperatures during sonications were assessed and the size of the area that 
reached a temperature above 55 °C was calculated. Finally, the excised tumor tissue was 
histologically examined for the presence of tumor necrosis.
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aBstraCt

objective

To investigate the added diagnostic value of 3T breast MRI over conventional breast 
imaging in the diagnosis of in situ and invasive breast cancer and to explore the role of 
routine versus expert reading.

Materials and Methods

We evaluated MRI scans of patients with nonpalpable BI-RADS 3-5 lesions who under-
went dynamic contrast-enhanced (DCE) 3T breast MRI. Initially, MRI scans were read by 
radiologists in a routine clinical setting. All histologically confirmed index lesions were 
re-evaluated by two dedicated breast radiologists. Sensitivity and specificity for the 
three MRI readings were determined, and the diagnostic value of breast MRI in addition 
to conventional imaging was assessed. Interobserver reliability between the three read-
ings was evaluated.

results

MRI examinations of 207 patients were analyzed. Seventy-eight of 207 (37.7%) patients 
had a malignant lesion, of which 33 (42.3%) patients had pure DCIS and 45 (57.7%) in-
vasive breast cancer. Sensitivity of breast MRI was 66.7% during routine, and 89.3% and 
94.7% during expert reading. Specificity was 77.5% in the routine setting, and 61.0% and 
33.3% during expert reading. In the routine setting, MRI provided additional diagnostic 
information over clinical information and conventional imaging, as the area under the 
ROC curve (AUC) increased from 0.76 to 0.81. Expert MRI reading was associated with 
a stronger improvement of the AUC to 0.87. Interobserver reliability between the three 
MRI readings was fair and moderate.

Conclusions

3T breast MRI of nonpalpable breast lesions is of added diagnostic value for the diagno-
sis of in situ and invasive breast cancer.
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Added diagnostic value of 3T breast MRI

IntrodUCtIon

Dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI) of the breast 
has become mainstream for the detection and characterization of breast lesions in 
clinical practice [1-3]. Current indications for breast MRI include screening of high-risk 
populations, monitoring of the treatment response in patients receiving neoadjuvant 
chemotherapy, tumor detection in patients with metastases of an unknown primary, 
and evaluation of silicone breast prostheses [4,5]. Two randomized controlled trials 
have studied the impact of preoperative breast MRI on the reoperation rate after breast-
conserving surgical treatment [6,7]. In these studies, the addition of breast MRI to 
conventional imaging did not reduce the number of additional surgical interventions, 
e.g. repeat lumpectomy or mastectomy. Preoperative breast MRI is therefore currently 
only indicated in a selection of patients, e.g. in patients with invasive lobular carcinoma, 
patients with a discrepancy in lesion size of more than 1 cm between mammography 
and ultrasound, and patients eligible for partial breast irradiation, in whom the clinical 
benefit of preoperative breast MRI is more clear [8].
Several studies assessed the overall diagnostic accuracy of breast MRI in patients with 
suspicious breast lesions, reporting a high sensitivity of around 90%, and a considerably 
lower specificity of 70-75% [2,9,10]. However, few articles addressed the diagnostic value 
of MRI in addition to conventional imaging (i.e. mammography and ultrasound) [11,12]. 
Furthermore, most breast MRI studies were performed using a 1.5 Tesla MRI system [10]. 
Imaging at higher field strength may be beneficial because of the higher signal-to-noise 
ratio. Only one relatively small study reported a higher diagnostic accuracy for breast 
MRI at 3T compared to 1.5T [13]. To our knowledge, large studies assessing the overall 
diagnostic performance of breast MRI at 3T are lacking.
The aim of this study was to assess the added diagnostic value of DCE breast MRI at 3T 
in patients with nonpalpable breast disease who were referred for histological biopsy. In 
addition, we evaluated interobserver variability between routine and expert reading for 
the evaluation of 3T breast MRI.

MatErIals and MEtHods

Patients

This study was conducted using data from the MONET study (MR mammography of 
nonpalpable BrEast tumors), a multicenter randomized controlled trial (NCT00302120) 
designed to assess the impact of DCE breast MRI on the re-excision rate of women with 
nonpalpable breast lesions. The study protocol was approved by the institutional review 
boards of the University Medical Center Utrecht, Diakonessenhuis Utrecht, and the Al-
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bert Schweitzer Hospital, and written informed consent was obtained from all patients. 
Detailed methods were described elsewhere [6]. Briefly, between January 2006 and 
May 2009, 463 patients with nonpalpable breast lesions classified as BI-RADS 3-5 on 
mammography or ultrasound with an indication for histological biopsy, were randomly 
allocated to routine clinical care or to routine clinical care with an additional 3T breast 
MRI. Mammography and breast ultrasound were read in a routine clinical setting by 
several radiologists at the center of patient inclusion. In the present study, we included 
only patients who were randomized to undergo additional breast MRI. Histological 
analysis was performed and lesions were classified as benign or malignant (i.e. ductal 
carcinoma in situ or invasive carcinoma) based on biopsy (in case of a benign lesion) or 
the surgical specimen. Only the index lesions (i.e. the nonpalpable BI-RADS 3-5 lesion for 
which patients were included) were included in the analyses.

Mr imaging

MR imaging was performed prior to large-core needle biopsy. All breast MRI scans were 
performed on a 3T clinical MR system (Achieva, Philips Healthcare, Best, the Netherlands) 
at the University Medical Center Utrecht. The system employs gradient amplitudes up 
to 80 mT/m and slew rates up to 200 mT/m/ms. Patients were placed in prone position 
on a dedicated, four-channel phased-array bilateral breast coil (MRI devices, Würzburg, 
Germany). All series were acquired using SENSE parallel imaging techniques. The scan 
protocol included a transverse, DCE fat-suppressed T1-weighted gradient echo series 
(TE/TR 1.3/3.4 ms; flip angle 10°; FOV 320 × 320 mm2, acquired voxel size 0.91 × 0.91 × 
2.00 mm3, reconstructed voxel size 0.83 × 0.83 × 1.00 mm3; dynamic scan duration 60 
sec). For the contrast-enhanced series, fat suppression was employed using SPAIR fat 
suppression. One scan was acquired before, and five scans were acquired immediately 
after administration of 0.1 mmol/kg gadolinium-DTPA (Magnevist, Schering, Germany). 
Also, a transverse high-resolution fat-suppressed T1-weighted fast gradient echo series 
(TE/TR 1.7/4.5 ms; inversion delay SPAIR 130 ms; flip angle 10°; FOV 340 × 340 mm2, 
acquired voxel size 0.66 × 0.66 × 1.6 mm3, reconstructed voxel size 0.66 × 0.66 × 0.80 
mm3) and a fat-suppressed T2-weighted spin echo series (TE/TR 120/9022 ms; inversion 
delay SPAIR 125 ms; flip angle 90°; FOV 340 × 340 mm2, acquired voxel size 1.01 × 1.31 × 
2.0 mm3, reconstructed voxel size 0.66 × 0.66 × 2.0 mm3) were acquired.

Image analysis

During the MONET study, MRI examinations were initially read by four breast radiolo-
gists in a routine clinical setting according to the BI-RADS MRI lexicon as proposed by 
the American College of Radiology [14]. For this present study, all index lesions were 
re-evaluated by two trained and dedicated breast radiologists in a review setting. They 
both had about seven years of experience in reading breast MRI and were not involved 
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in routine reading. According to the BI-RADS MRI lexicon, lesions were classified as 
focus, mass, or non-mass-like enhancement. Subsequently, the corresponding features 
(i.e. shape, margin and mass enhancement for mass lesions, distribution modifiers and 
internal enhancement for non-mass lesions) were assessed. During expert MRI reading, 
information on the mammography images was provided. Expert readers were blinded 
for histological results and a software tool (CADstream, Confirma, Chicago, Illinois) for 
image post-processing was used for a standardized analysis and interpretation of the 
DCE MR images. CADstream is a commercially available computer-aided detection (CAD) 
system in which color overlays on the MR images are used to indicate the threshold of 
initial enhancement. Furthermore, the color overlay allows differentiation between the 
three types of enhancement (persistent, plateau, and washout) in the late phase after 
contrast injection. Expert readers were allowed to exclude MRI examinations if, to their 
opinion, the image quality was insufficient for analysis.

statistics

An univariate analysis was performed to assess differences between patients with be-
nign and malignant lesions. Continuous variables were analyzed using the independent 
sample T-test. For categorical variables, differences in proportions were tested using the 
Pearson’s chi-squared test or the Fisher’s exact test. Clinical, mammographic and ultra-
sound features that were most significantly associated with malignancy were introduced 
into a first model. Three other models were constructed after the addition of the three 
MRI readings. For every ten malignancies, one determinant was allowed to be included 
in the logistic regression model. Discrimination between benign and malignant lesions 
was estimated by the area under the receiver operating characteristic (ROC) curve (AUC). 
Differences between AUC’s were tested according to Hanley and McNeil [15]. Calibration 
was measured using the Hosmer-Lemeshow goodness-of-fit test. To calculate sensitivity 
and specificity of the three MRI readings, BI-RADS classifications of 1 and 2 were con-
sidered as negative, and BI-RADS 3-5 as positive test results. The same cut-off value (i.e., 
BI-RADS 1 and 2 for benign lesions and BI-RADS 3-5 for malignant lesions) was used 
to calculate the reliability using κ statistics. Differences were tested between all three 
MRI readings. A κ value below 0.20 indicated poor agreement; 0.21-0.40 fair agreement; 
0.41-0.60 moderate agreement; 0.61-0.80 good agreement; and a κ value of 0.81-1.00 
indicated very good agreement [16]. In addition, interobserver agreement, defined as 
the degree to which ratings are identical (the measurement error) was calculated using 
the proportion of agreement [17]. Statistical analyses were performed using the soft-
ware package SPSS (version 20.0, IBM Corp., Armonk, NY).
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rEsUlts

Patients

MRI examinations of 207 patients were analyzed. The mean age of patients was 55.1 
years and 60.2% of patients were referred by the national breast cancer screening 
program (Table 1). Mammography showed microcalcifications only in 121/207 (58.5%) 
patients. Biopsy showed a malignant lesion in 78/207 (37.7%) patients. Thirty-three of 

table 1. Baseline table presenting clinical patient characteristics and features on mammography and ultra-
sound for the 207 index lesions.

Clinical characteristics Benign (%) Malignant (%) total (%) P-value

Number of patients 129 (62.3) 78 (37.7) 207 (100)

Age in years, mean ± SD (n=207) 52.9 ± 9.8 58.7 ± 7.6 55.1 ± 9.5 0.00*

BMI in kg/m2, mean ± SD (n=201) 25.0 ± 3.8 26.2 ± 3.8 25.4 ± 3.8 0.026*

Breast cancer in first degree relative (n=204) 19 (15.1) 24 (30.8) 43 (21.1) 0.008^

Presence of clinical symptoms (n=204) 42 (33.3) 16 (20.5) 58 (28.4) 0.049^

Detected in screening program (n=201) 65 (51.6) 56 (74.4) 121 (60.2) 0.001^

Mammography

type of finding (n=207)

Microcalcifications only 80 (62.0) 41 (52.6) 121 (58.5) 0.37^

Density (with/without microcalcifications) 39 (30.2) 28 (35.9) 67 (32.4)

Other 10 (7.8) 9 (11.5) 19 (9.2)

BI-rads classification (n=207)

BI-RADS 1 or 2# 8 (6.2) 0 (0.0) 8 (3.9) 0.000&

BI-RADS 3 56 (43.4) 23 (29.5) 79 (38.2)

BI-RADS 4 64 (49.6) 45 (57.7) 109 (52.7)

BI-RADS 5 1 (0.8) 10 (12.8) 11 (5.3)

Ultrasound

Performed (n=207) 94 (72.9) 67 (85.9) 161 (77.8) 0.029^

type of finding (n=161)

No lesion 57 (60.6) 31 (46.3) 88 (54.7) 0.19^

Solid lesion 28 (29.8) 28 (41.8) 56 (34.8)

Other 9 (9.6) 8 (11.9) 17 (10.6)

BI-rads classification (n=160)

BI-RADS 1 or 2 63 (67.7) 34 (50.7) 97 (60.6) 0.000^

BI-RADS 3 19 (20.4) 6 (9.0) 25 (15.6)

BI-RADS 4 10 (10.8) 16 (23.9) 26 (16.3)

BI-RADS 5 1 (1.1) 11 (16.4) 12 (7.5)

* independent sample T-test
^ chi-square test
& Fisher’s exact test
# Occult or benign lesion on mammography (BI-RADS 1 or 2), classified as BI-RADS 3, 4 or 5 on ultrasound.
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78 (42.3%) patients were diagnosed with pure ductal carcinoma in situ (DCIS) and 45/78 
(57.7%) with invasive breast cancer, with or without an in situ component.

diagnostic performance of MrI

With routine MRI reading, 15/31 (48.4%, 95% CI 32.0-65.2) of BI-RADS 3 lesions, 19/31 
(61.3%, 95% CI 43.8-76.3) of BI-RADS 4 lesions, and 18/19 (94.7%, 95% CI 75.4-99.1) 
of BI-RADS 5 lesions were proven malignant by histology. Table 2 shows the different 
BI-RADS classifications of routine and expert readers versus the histological outcome.

table 2. BI-RADS MRI classifications for routine and expert MRI reading.

routine reading Benign (%) In situ (%) Invasive (%) total (%)

BI-rads classification (207)

BI-RADS 1/2 100 (77.5) 21 (63.6) 5 (11.1) 126 (60.9)

BI-RADS 3 16 (12.4) 6 (18.2) 9 (20.0) 31 (15.0)

BI-RADS 4 12 (9.3) 6 (18.2) 13 (28.9) 31 (15.0)

BI-RADS 5 1 (0.8) 0 (0.0) 18 (40.0) 19 (9.2)

Expert reader 1

BI-rads classification (198)

BI-RADS 1/2 75 (61.0) 8 (26.7) 0 (0.0) 83 (41.9)

BI-RADS 3 24 (19.5) 7 (23.3) 5 (11.1) 36 (18.2)

BI-RADS 4 24 (19.5) 15 (50.0) 21 (46.7) 60 (30.3)

BI-RADS 5 0 (0.0) 0 (0.0) 19 (42.2) 19 (9.6)

Expert reader 2

BI-rads classification (192)

BI-RADS 1/2 39 (33.3) 4 (12.9) 0 (0.0) 43 (22.4)

BI-RADS 3 34 (29.1) 4 (12.9) 3 (6.8) 41 (21.4)

BI-RADS 4 44 (37.6) 21 (67.7) 34 (77.3) 99 (51.6)

BI-RADS 5 0 (0.0) 2 (6.5) 7 (15.9) 9 (4.7)

For routine reading, the sensitivity of MRI for the detection of malignancy was 66.7% 
and specificity was 77.5% (Table 3). Thus, in 26/78 (33.3%) patients, the malignant lesion 
was not detected on MRI; in 21/26 (80.8 %) patients this concerned pure DCIS without 
an invasive component.
Expert reader 1 judged nine MRI examinations to be of insufficient image quality for 
assessment. These included three cases of pure DCIS and six benign lesions. Positive 

table 3. Sensitivity and specificity for routine and expert reading of 3.0 T breast MRI.

sensitivity (95% CI) specificity (95% CI)

Routine reading 66.7 (55.6-76.1) 77.5 (69.6-83.9)

Expert reader 1 89.3 (80.3-94.5) 61.0 (52.2-69.1)

Expert reader 2 94.7 (87.0-97.9) 33.3 (25.4-42.3)
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predictive values were 33.3% (95% CI 20.2-49.7), 60.0% (95% CI 47.4-71.4), and 100% 
(95% CI 83.2-100.0) for BI-RADS 3, 4, and 5 lesions, respectively. Sensitivity was 89.3% 
and specificity was 61.0%. In 8/75 (10.7%) of patients, the malignant lesion (pure DCIS in 
all cases) was not seen on MRI.
Expert reader 2 rated fourteen MRI examinations of insufficient image quality, and one 
MRI examination was not analyzed unintentionally. These were three malignant and 
twelve benign lesions. Positive predictive values were 17.1% (95% CI 8.5-31.3), 55.6% 

Figure 1. Craniocaudal (a) and mediolateral oblique (b) mammogram of a 52 year old patient with BI-RADS 
5 microcalcifications in the left lateral upper quadrant. Ultrasound imaging was unremarkable (BI-RADS 
1). During routine reading, the MRI examination was classified as BI-RADS 4. Both expert reader 1 and 2 
classified the lesion as an area of non-mass-like enhancement with clumped internal enhancement and a 
segmental distribution. Kinetics showed a rapid initial rise and a plateau stage during the delayed phase. A 
BI-RADS 4 and 5 classification was given by expert reader 1 and 2, respectively. Figure 1 shows the dynamic 
contrast-enhanced MRI (c) and the MR image imported in the CAD software (d). The color-coded overlay 
indicates the type of enhancement after contrast injection in the late phase. Red, yellow and blue illustrate 
a washout, plateau, and persistent enhancement curve, respectively. Stereotactic biopsy and surgery both 
showed DCIS without an invasive component.
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(95% CI 45.8-65.0) and 100% (95% CI 70.1-100.0) for lesions classified as BI-RADS 3, 4 
and 5, respectively. Sensitivity was 94.7% and specificity was 33.3%. In 4/75 (5.3%) of 
patients, the malignant lesion (pure DCIS in all cases) was not seen on MRI. Figure 1 and 
2 show some examples of mammography and MR images of two patients.

Figure 2. Craniocaudal (a) and mediolateral oblique (b) mammogram of a 40 year old, asymptomatic 
woman underwent mammography during follow-up after right-sided breast cancer, for which she under-
went mastectomy. Mammography showed BI-RADS 4 microcalcifications in the lateral upper quadrant of 
the left breast. Ultrasound imaging was unremarkable (BI-RADS 1). During routine MRI reading, a BI-RADS 1 
classification was assigned. Expert reader 1 reported an area of non-mass-like enhancement with a diffuse 
distribution, heterogeneous internal enhancement and classified MR imaging as BI-RADS 4. In addition, ex-
pert reader 2 described an area of non-mass-like enhancement with a segmental distribution and clumped 
internal enhancement, and reported a BI-RADS 4. Kinetics showed a rapid initial rise and a plateau stage 
during the delayed phase. Figure 2 shows the dynamic contrast-enhanced MRI (c) and the MR image im-
ported in the CAD software (d). The color-coded overlay indicates the type of enhancement after contrast 
injection in the late phase. Yellow and blue illustrate a plateau and persistent enhancement curve, respec-
tively. Stereotactic biopsy showed normal breast tissue with minor fibrocystic changes and the extensive 
presence of microcalcifications.
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The logistic regression model with clinical characteristics (i.e., age and breast cancer in 
first-degree relatives) and conventional imaging (i.e., mammography and ultrasound) 
had an AUC of 0.76 (95% CI 0.69-0.83). In the routine setting, MRI was of added diag-
nostic value over clinical characteristics and conventional imaging: after the addition of 
routine MRI reading to the regression model, the AUC increased to 0.81 (95% CI 0.75-
0.88) with a p-value < 0.05. Expert MRI reading was associated with an even stronger 
improvement in AUC, from 0.76 (95% CI 0.69-0.83) to 0.87 (95% CI 0.82-0.92) for reader 
1 and 0.87 (95% CI 0.81-0.92) for reader 2 . The differences between the AUC’s with and 
without the addition of MRI were statistically significant for both expert readers (p-value 
< 0.001). All models showed good calibration (p > 0.1) (Figure 3).
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Figure 3. ROC analysis shows an AUC of 0.76 for the model with clinical characteristics and conventional 
imaging, which is displayed as the green, dashed line in the three graphs (a-c). The red, solid lines show the 
AUC’s for the models after addition of MRI reading. The model for routine reading has an AUC of 0.81 (a). 
Both models with expert MRI reading have an AUC of 0.87 (b-c).

Interobserver reliability and agreement

Reliability between routine reading and expert reader 1 (κ = 0.59) and between expert 
reader 1 and expert reader 2 (κ = 0.48) was moderate (Table 4). The reliability between 
routine reading and expert reader 2 was fair (κ = 0.22). The proportion of agreement 
between the three observers varied between 56.8 and 78.8% for the three MRI readings.

table 4. The interobserver reliability (κ statistics) and agreement (proportion of agreement) for BI-RADS 
MRI classifications.

κ statistics (95% CI) agreement (95% CI)

Routine reading vs. expert reader 1 0.59 (0.48-0.69) 78.8 (72.6-83.9)

Routine reading vs. expert reader 2 0.22 (0.12-0.31) 56.8 (49.7-63.6)

Expert reader 1 vs. expert reader 2 0.48 (0.36-0.59) 76.1 (69.5-81.6)
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dIsCUssIon

Our results show that 3T breast MRI of nonpalpable lesions is of added diagnostic value 
in the diagnosis of in situ and invasive breast cancer. Both during routine and expert 
reading, addition of breast MRI allowed better discrimination between benign and 
malignant disease, with AUC’s increasing from 0.76 to 0.81 with routine MRI reading and 
from 0.76 to 0.87 for expert reading. Although many studies assessed the sensitivity and 
specificity of breast MRI in itself, only a few studies have looked at the added value of 
breast MRI when combined with mammography and ultrasound. Berg et al. described 
that the combination of mammography, clinical examination and MR imaging was more 
sensitive (99.4%) for invasive cancer than any other test or combination of different 
tests [11]. Malur et al. reported a sensitivity of 99.4% when combining mammography, 
ultrasound and MR imaging [12]. No studies have assessed the added value of breast 
MRI over conventional imaging in patients with nonpalpable breast lesions. Due to the 
introduction of breast cancer screening programs, the detection of clinically occult, of-
ten nonpalpable, suspicious lesions on mammography has increased over the years [18]. 
A large percentage of these patients present with microcalcifications on mammography. 
Ruling out DCIS in these patients can be a diagnostic challenge: mammography has a 
high sensitivity for the detection of microcalcifications, but also leads to many biopsies 
in benign cases [19,20].
In this study, sensitivity was 66.7% and specificity was 77.5% for routine reading of 
breast MRI. For the two expert readers, these sensitivities increased to 89.3% and 94.7%. 
This increase in sensitivity was accompanied with a decrease in specificity to 61.0% and 
33.3%. The low specificity of 33.3% of expert reader 2 was caused by the high percentage 
of benign lesions, which were classified as BI-RADS 3 (29.1%) and BI-RADS 4 (37.6%). This 
reader had, however, the highest sensitivity among all readings. Next to the assessment 
of sensitivities and specificities, we specifically investigated the diagnostic performance 
of the different imaging methods using ROC analyses. In clinical practice, the BI-RADS 
lexicon is used to classify lesions in categories with different risks on malignancy. For 
calculating measures of diagnostic performance (i.e. sensitivity and specificity), a certain 
cut-off point must be chosen. The area under the ROC curve however is able to show the 
diagnostic performance irrespective of a cut-off point, and therefore reflects the overall 
discriminative value of various tests [21].
In this study, MR images were read following the BI-RADS MRI lexicon, using T1- and 
T2-weighted series for morphological analysis of the lesion and DCE series for analysis 
of the enhancement pattern of the lesions over time. This yields a proven high sensitivity 
for the characterization of benign versus malignant breast lesions [5]. Currently, other 
promising MR techniques such as diffusion-weighted imaging and MR spectroscopy are 
becoming more widely available, which may further improve the diagnostic accuracy 
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of breast MRI [22]. Furthermore, the results of this study can probably be extrapolated 
to studies performed at 1.5T, because of the comparable results of breast MRI at 3T 
and 1.5T MRI [13]. Our study, however, is one of the few studies which has evaluated a 
relatively large patient population with small breast lesions on a 3T MRI system.
Both the COMICE and the MONET trial did not show an added value of breast MRI for 
the surgical outcome of breast cancer patients [6,7]. Turnbull et al. reported no reduc-
tion in the reoperation rate after the addition of breast MRI. Both in the MRI group and 
in the control group, the percentage of patients requiring reoperation was 19% [7]. 
The MONET study showed even a higher percentage of re-excisions in the MRI group 
(34%) versus the control group (12%) [6]. In this study, we only report on the diagnostic 
performance of breast MRI. Unfortunately, it is not feasible to repeat the analyses for 
the therapeutic outcome of this trial for the two expert readers. However, while preop-
erative MRI nowadays is only used in a selection of patients, our results show that MRI 
does have additional value over baseline characteristics and conventional imaging in 
the evaluation of index lesions in the breast. This effect might even be underestimated, 
because in the current study, only clinically occult (nonpalpable) lesions were included.
We observed a difference in the diagnostic performance between routine reading dur-
ing the initial study and expert reading afterwards. This difference can be explained by 
several reasons. First, the MONET study was performed shortly after the introduction of 
breast MRI in clinical practice. Through the years, more knowledge about MRI reading 
was acquired, especially in the assessment and evaluation of lesions showing non-mass-
like enhancement. A large percentage of malignancies in this study consisted of pure 
DCIS (42.3%). Rosen et al. report that pure DCIS in 59.4% of the cases is visualized as 
non-mass-like enhancement on breast MRI [23]. Differentiation between benign and 
malignant is challenging in these lesions, because of the absence of the typical malig-
nant wash-out pattern and poorly defined boundaries in non-mass-like lesions [24-26]. 
Second, during expert reading, all breast MRI examinations were analyzed using CAD 
software. The diagnostic performance of MRI has been shown to improve when readers 
use a dedicated CAD system for dynamic breast MRI analysis [27,28]. Third, the expert 
readers were allowed to exclude MRI examinations if, to their opinion, the quality of 
the exam was not sufficient to read. Also this can partly explain the difference between 
routine and expert reading. We observed a moderate interobserver agreement between 
the three MRI readings. Previous studies have shown the presence of significant interob-
server variation and a considerable learning curve in the interpretation of breast MRI 
[29].
This study has a some limitations. Sensitivity and specificity for mammography and 
ultrasound were not described, because the study population consisted of patients with 
BI-RADS 3-5 lesions on mammography or ultrasound only. To assure that histopathologi-
cal confirmation was available for all lesions, we only assessed the index lesions of which 
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biopsy was performed. Any potential multifocal, multicentric or contralateral lesions 
were not included in the analyses, while breast MRI is currently often used to detect 
multifocal or multicentric disease [5]. In this study, the BI-RADS MRI cut-off value for 
malignancy was set at BI-RADS 3, because in our hospital, many BI-RADS 3 patients are 
referred for biopsy. This, however, resulted in a lower specificity. Another shortcoming 
of our study was the fact that MRI readings (both routine and expert reading) were 
performed by different radiologists than reading of conventional imaging. Furthermore, 
MRI reading in a review setting can induce bias by over reading, which may have re-
sulted in the lower specificity we found during expert reading. Finally, we cannot draw 
any conclusions from a therapeutic perspective. This study exclusively reports on the 
diagnostic performance of 3T breast MRI, however, our results indicate that the evalua-
tion and handling of information on breast MRI in clinical practice may not be optimal.
In conclusion, this study indicates that DCE 3T breast MRI of nonpalpable breast lesions 
is of added diagnostic value in the diagnosis of in situ and invasive breast cancer.
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aBstraCt

Purpose

There is growing interest in minimally invasive breast cancer therapy. Eligibility of 
patients is, however, dependent on several factors related to the tumor and treatment 
technology. The aim of this study is to assess the proportion of patients eligible for mini-
mally invasive breast cancer therapy for different safety and treatment margins based 
on breast tumor location.

Methods

Patients with invasive ductal cancer were selected from the MARGINS cohort. Semi-
automatic segmentation of tumor, skin, and pectoral muscle was performed in magnetic 
resonance images. The shortest distances from tumors to skin and pectoral muscle were 
calculated. Proportions of eligible patients were determined for different safety and 
treatment margins .

results

Three-hundred-forty-eight patients with 351 tumors were included. If a 10 mm safety 
margin to skin and pectoral muscle is required without treatment margin, 72.3% of pa-
tients would be eligible for minimally invasive treatment. This proportion decreases to 
45.9% for an additional treatment margin of 5 mm. Shortest distances between tumors 
and critical organs are larger in older patients and in patients with less aggressive tumor 
subtypes.

Conclusions

If a 10 mm safety margin to skin and pectoral muscle is required, more than two-thirds 
of patients would be eligible for minimally invasive breast cancer therapy.
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IntrodUCtIon

Breast-conserving therapy (BCT) is currently standard of care in patients with early-stage 
breast cancer. Two randomized controlled trials have shown equal overall survival rates 
after BCT and mastectomy [1,2]. Nowadays, minimally invasive therapies are investi-
gated for local breast cancer treatment in search for the best trade-off between local 
control and adverse side effects of treatment. A number of studies have been performed 
focusing on radiofrequency, laser, and high-intensity focused ultrasound (HIFU) ablation 
for local breast cancer treatment [3-5]. In addition, stereotactic radiotherapy may offer 
the opportunity to deliver an ablative dose to the tumor [6]. However, little evidence still 
exists about which patients are best eligible for minimally invasive treatment.
First, patients with prognostically favorable tumors, i.e., patients with low risk of loco-
regional recurrence have to be selected. Faverly et al. defined criteria for breast carcino-
mas of limited extent (BCLE), which may be appropriate candidates for BCT [7]. A subset 
of BCLE patients may be suitable for minimally invasive treatment [8]. Second, several 
biological characteristics, e.g., thermal tissue properties and tumor vascularity, will be 
important factors contributing to the success of thermal ablation [9]. A third important 
issue is the tumor location, which ultimately determines whether less invasive treatment 
is technically feasible. For minimally or noninvasive techniques, a safety margin between 
tumor and skin and between tumor and pectoral muscle or chest wall is required to 
prevent thermal injuries or toxic skin doses. For thermal ablation, a safety margin of 10 
mm to both skin and pectoral muscle is commonly used, although safety margins vary 
among different technologies [10,11]. In addition, it may be necessary to treat a margin 
of tissue surrounding the tumor visible on imaging to eliminate microscopic tumor foci 
[7,12].
All previous studies on minimally invasive breast cancer treatment were performed in 
small patient populations [4,13,14]. None of these studies addressed the number of ex-
cluded patients, nor the reasons why patients were found to be ineligible for minimally 
invasive treatment. Detailed population statistics on the locations and extent of early-
stage breast cancers relative to skin and pectoral muscle are lacking. Knowledge about 
the fraction of eligible patients is important for future studies and cost-effectiveness 
analyses. We aim to determine the fraction of patients with early-stage breast cancer in 
a consecutive series of patients who may be eligible for minimally invasive treatment on 
the basis of tumor location, taking various safety and treatment margins into account. In 
addition, we compare differences between subgroups of patients.
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MEtHods

Patients

Patients were participants of the MARGINS (Multi-modality analysis and radiological 
Guidance In breast conserving therapy) study, which was approved by the institutional 
review board of the Antoni van Leeuwenhoek Hospital [15]. Written informed consent 
was obtained from all included patients. Between November 2000 and January 2008, 
women with pathology-proven breast cancer eligible for BCT on the basis of conven-
tional imaging and clinical examination were consecutively recruited for an additional 
preoperative breast MRI. In the current study, we selected all patients with an infiltrating 
ductal carcinoma without evidence of multicentric or multifocal disease.

Mr imaging

MRI was performed on a 1.5 Tesla MR scanner (Magnetom, Siemens Medical Systems, 
Erlangen, Germany). Patients were imaged in prone position using a bilateral, dedicated 
phased-array 4-channel breast coil. One series of a coronal FLASH 3-D T1-weighted 
sequence without fat suppression was acquired before the administration of a gado-
linium-based contrast agent, and four series were acquired after contrast injection and 
saline flush. The acquisition time was 90 s and the following scan parameters were used: 
TE/TR 4.0/8.1 ms, flip angle 20°, voxel size 1.35 × 1.35 × 1.35 mm3 [16].

segmentations

Semi-automatic, volumetric tumor segmentation was performed based on the entire 
contrast-enhanced MRI series [17,18]. Treatment margins of 5, 10, 15 and 20 mm were 
simulated around the tumor by expanding the segmented tumor boundaries in 3D 
using the Euclidian distance transform in world coordinates. Prior to skin and pectoral 
muscle segmentation from the pre-contrast MR images, pre-processing was applied to 
reduce gradual changes in background image intensity caused by local magnetic field 
inhomogeneity. For the skin segmentation, two Otsu thresholds were used to acquire 
one image with three grey scales [19]. For the pectoral muscle segmentation, the Canny 
edge detection method was simultaneously applied with a method based on gradient 
properties [20]. For noise reduction, the results of the pectoral muscle segmentation 
were fit to a 7th order polynomial. Segmentations were performed using Matlab (The 
Mathworks Inc., Natick, Mass, United States) and MeVisLab (MeVis Medical Solutions, AG, 
Bremen, Germany). All segmentations were visually verified by a physician experienced 
in breast MRI reading. In case of inaccurate segmentations, structures were manually de-
lineated. The breast size was calculated as number of voxels in the region between the 
skin-air boundary and the pectoral muscle, which was multiplied by the voxel volume.
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tumor location

The segmentations were used to determine the relative tumor location in the breast. 
Breasts were divided into octants by three midline planes. The coronal plane was posi-
tioned between the most ventral part of the pectoral muscle and the most ventral part 
of the skin, the transversal plane between the most superior and most inferior part of 
the skin, and the sagittal plane between the most lateral and most medial part of the 
skin. The tumor was considered to be present in an octant if the whole tumor or any 
part of it occupied part of that octant. Thus, a large tumor or a tumor positioned on the 
boundary between octants could be located in more than one octant.

shortest distances

A ‘treatment’ margin was defined as a margin around the primary index tumor visible 
on MRI, corresponding to tissue that may contain occult disease. A ‘safety’ margin was 
defined as a margin of tissue around the MRI visible tumor considered to be minimally 
necessary to prevent (thermal) injury to critical organs. The ‘total’ margin was defined 
as the sum of the treatment and safety margin (Figure 1). The shortest distance from 
tumors to skin and pectoral muscle (in millimeters) was calculated using the Euclidian 
distance transform based on the segmentations of tumor, skin, and pectoral muscle. The 
shortest distance from tumors to both structures (i.e., the shortest distance to either 

Safety margin

Treatment margin

Total margin

Skin

Pectoral muscle

Figure 1. Schematic illustration of a tumor in the breast with surrounding treatment margin and safety 
margin.
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skin or pectoral muscle) was recorded for every patient. In this study, a patient was 
considered to be eligible for minimally invasive therapy if the shortest distance of tumor 
to critical organ was larger than the required margin.

subgroup analyses

Differences in eligibility for minimally invasive therapy based on relative tumor location 
and extent in the breast were investigated in subgroups of patients. Subgroup analyses 
were performed for total margins without stratification into treatment and safety mar-
gin components. Patients were stratified into two subgroups at the median tumor size, 
median breast volume, and median patient age. Furthermore, patients with positive 
and negative axillary lymph nodes (determined on basis of pathology of the sentinel 
lymph node biopsy or axillary lymph node dissection), patients with tumors with differ-
ent histological grades, and patients with negative and positive estrogen receptors (ER) 
were compared. Finally, eligibility was analyzed between patients with different tumor 
subtypes, i.e., luminal A (ER/progesterone receptor (PR) positive, grade I), luminal B (ER/
PR positive, grade II or III), HER2 positive, and triple negative (ER negative, PR negative, 
HER2 negative) tumors [21]. Pathology characteristics were determined based on the 
surgical specimen. The Kolmogorov-Smirnov test (2 variables) and the Kruskal-Wallis 
test (> 2 variables) were used to assess differences in the distribution of the shortest dis-
tances between subgroups of patients. The t-test for independent samples (2 variables) 
and the one-way ANOVA (> 2 variables) were employed to assess differences in tumor 
size between subgroups. A p-value of < 0.05 was considered statistically significant. 
Statistical analyses were performed using the software package SPSS (version 20.0, IBM 
Corp., Armonk, NY).

rEsUlts

Patients

In this study, 348 patients were included. Three of 348 (0.9%) patients had bilateral 
invasive breast cancer, hence, 351 tumors could be analyzed. Mean age of patients was 
57.7 years and tumors were equally distributed among the left and right breast (Table 1).

segmentations

Semi-automatic, volumetric tumor segmentation was successful in all tumors. In 
339/351 (96.6%) breasts, the skin was accurately segmented automatically. In the 
remaining 12/351 (3.4%) cases, the skin was manually delineated. In 241/351 (68.7%) 
breasts, segmentation of the pectoral muscle was successful. Manual delineation of the 
pectoral muscle was performed in 110/351 (31.3%) cases.
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table 1. Baseline characteristics

Patients n (%)

Number of patients 348

Age in years, mean ± SD 57.7 ± 10.1

tumors

Number of tumors 351

Tumors in left breast 174 (49.6)

Mr imaging

Type of lesion

Mass 347 (98.9) 

Non-mass 4 (1.1) 

Size of lesion, mean ± SD 18.1 ± 7.1

Pathology

Histological grade (Bloom & Richardson)

Grade I 111 (31.6) 

Grade II 136 (38.7) 

Grade III 102 (29.1) 

Unknown 2 (0.6) 

Estrogen receptor status

Negative 61 (17.4) 

Positive 290 (82.6) 

Progesterone receptor status

Negative 136 (38.7) 

Positive 215 (61.3) 

HER2 status

Negative 299 (85.2) 

Positive 51 (14.5) 

Unknown 1 (0.3) 

Tumor subtype

Luminal A 105 (30.0) 

Luminal B 149 (42.5) 

HER2 positive 51 (14.5) 

Triple negative 43 (12.3) 

Unknown 3 (0.9) 

lymph node status

Negative 231 (65.8)

Positive 120 (34.2)
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tumor location

The median tumor size was 17 mm with a range between 5 and 45 mm. In the right 
breast, the extent of 85/177 (48.0%) tumors was limited to one single octant. Tumors 
were present in two octants in 57/177 (32.2%) breasts, in four octants in 31/177 (17.5%) 
breasts, and in eight octants in 4/177 (2.3%) breasts. In the left breast, the extent of 
96/174 (55.2%) tumors was limited to one single octant. Tumors partly occupied two 
octants in 58/174 (33.3%) breasts, four octants in 18/174 (10.3%) breasts, and eight 
octants in 2/174 (1.1%) breasts. Most tumors were located in the lower outer and in the 
upper outer quadrant. Tumors were more often present in dorsal than in ventral octants 
(Figure 2).

7.0%

10.7%

5.9%

10.1%

10.1%

25.6%

10.7%

19.7% 12.7%

20.7%

8.3%

23.7%
4.3%

6.0%

10.3%

14.0%

upper outer

lower outer

upper inner

lower innera b

right breast left breast

Figure 2. Tumor distribution (%) in the octants of the right (a) and left (b) breast. The striped parts indicate 
the lateral (outer) hemispheres and the dotted parts indicate the medial (inner) hemispheres. The lower 
parts of the graphs represent the lower hemispheres (densely dotted / striped) and the upper parts of the 
graphs represent the upper hemispheres (loosely dotted / striped). The octants with a white background 
represent the dorsal parts and the octants with a grey background represent the ventral parts of the breast.

shortest distances

Distance to the skin
The mean shortest distance from tumors to the skin was 17.6 ± 8.1 mm with a range 
between 1.3 mm and 48.6 mm. If a safety margin of 5 mm between tumor and skin 
is required without a treatment margin, 94.6% of patients would be eligible for mini-
mally invasive treatment (Figure 3a). When the safety margin is increased to 10 mm, the 
percentage decreases to 84.3%. For every additional 5 mm treatment margin around 
the tumor, the percentage of eligible patients decreases with approximately 20% for a 
safety margin of 10 mm.
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Distance to the pectoral muscle
The mean shortest distance from tumors to the pectoral muscle was 28.3 ± 18.0 mm 
with a range between 0.0 mm (in 9 patients) and 98.2 mm. If a safety margin of 5 mm 
between tumor and pectoral muscle is required without a treatment margin, 92.3% of 
patients would be eligible for minimally invasive treatment (Figure 3b). When the safety 
margin is increased to 10 mm, the percentage decreases to 84.3%. For every additional 
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Figure 3. Safety margin (x-axis) versus the percentage of patients eligible for minimally invasive therapy 
(y-axis) using different treatment margins (0, 5, 10, 15 and 20 mm). Figure a shows the nearest distance 
between tumors and skin, figure b shows the nearest distance between tumors and pectoral muscle, and 
figure c shows the nearest distance between either skin or pectoral muscle.
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5 mm treatment margin around the tumor, the percentage of eligible patients decreases 
more gradually; approximately by 10% for a safety margin of 10 mm.

Distance to either skin or pectoral muscle
The mean shortest distance from tumors to either skin or pectoral muscle was 14.4 ± 7.7 
mm with a range between 0.0 mm (in 9 patients) and 42.5 mm. If a safety margin of 5 mm 
between both skin and pectoral muscle is required without a treatment margin, 87.7% 
of patients would be eligible for minimally invasive treatment (Figure 3c). When the 
safety margin is increased to 10 mm, the percentage decreases to 72.6%. For additional 
treatment margins around the tumor for a safety margin of 10 mm, the percentage of 
eligible patients decreases rapidly to 45.9% at a 5 mm treatment margin, and to 21.7% 
at a 10 mm treatment margin.

subgroup analyses

Tumor size and breast size
Patients with small tumors (≤ 17 mm) were more likely to be eligible for minimally 
invasive treatment than patients with large tumors. The difference in eligibility between 
patients with small and large tumors was mostly associated with differences in shortest 
distance between tumors and skin, and to less extend with differences in distance to 
the pectoral muscle (Table 2, Figure 4). As expected, patients with large breasts (> 965 
ml) were more likely to be eligible for minimally invasive treatment than patients with 
small breasts. This difference in eligibility was associated with differences in the shortest 
distances to the skin as well as to the pectoral muscle.

Tumor-size dependent differences between subgroups
Patients with low-grade tumors were more likely to be eligible for minimally invasive 
treatment than patients with high-grade tumors. This observation may, however, be 
related to the finding that patients with low-grade tumors had significantly smaller 
tumors than patients with high-grade tumors: the mean tumor size of grade I, II and 
III tumors was 14.5 mm, 18.4 mm, and 21.4 mm, respectively (p < 0.01). The difference 
between subgroups of patients was associated with differences in the shortest distances 
to the skin as well as to the pectoral muscle.
Patients with less aggressive breast cancer tumor subtypes (e.g., luminal A) were more 
likely to be eligible for minimally invasive treatment than patients with more aggres-
sive subtypes (e.g., triple negative). This finding may also be explained by the fact that 
patients with less aggressive tumor subtypes had significantly smaller tumors. The mean 
tumor size of luminal A, luminal B, HER2 positive, and triple negative tumors was 14.6 
mm, 19.1 mm, 20.0 mm and 20.4 mm, respectively (p < 0.01). The difference in eligibility 
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between subgroups of patients was associated with differences in the shortest distances 
of tumors to the skin more so than differences in shortest distance to the pectoral muscle.
Patients with negative nodes were more likely to be eligible for minimally invasive treat-
ment than patients with positive nodes. This finding may also be explained by the fact 
that patients with negative nodes had on average significantly smaller tumors than pa-
tients with positive nodes (17.1 mm versus 20.2 mm, p < 0.01). The difference between 
subgroups of patients was most pronounced by the shortest distances of tumors to the 
skin.

table 2. The percentages of eligible patients are shown for different subgroups if a total margin (i.e., the 
sum of the treatment and safety margin) of at least 15 mm between tumor and skin, tumor and pecto-
ral muscle, or tumor to both skin and pectoral muscle is required. Differences between subgroups in the 
distribution of the nearest distances were tested using the Kolmogorov-Smirnov test (2 variables) or the 
Kruskal-Wallis test (> 2 variables).

Eligible patients
skin

Eligible patients
pectoral muscle

Eligible patients
both

n (%) P-value n (%) P-value n (%) P-value

tumor size

≤ 17 mm (182) 122 (67.0) <0.01 137 (75.3) 0.22 91 (50.0) 0.02

> 17 mm (169) 80 (47.3) 124 (73.4) 63 (37.3) 

Breast size

≤ 965 ml (176) 86 (48.9) <0.01 99 (56.3) <0.01 46 (26.1) <0.01

> 965 ml (175) 116 (66.3) 162 (92.6) 108 (61.7) 

age

≤ 58 years (176) 83 (47.2) <0.01 123 (69.9) 0.02 59 (33.5) <0.01

> 58 years (175) 119 (68.0) 138 (78.9) 95 (54.3) 

Pathology

Histological grade <0.01 <0.01 <0.01

Grade I (111) 75 (67.6) 87 (78.4) 62 (55.9) 

Grade II (136) 83 (61.0) 107 (78.7) 63 (46.3) 

Grade III (102) 44 (43.1) 65 (63.7) 29 (28.4) 

Estrogen receptor 0.13 0.13 0.14

Negative (61) 30 (49.2) 42 (68.9) 22 (36.1) 

Positive (290) 172 (59.3) 219 (75.5) 132 (45.5) 

Tumor subtype <0.01 0.34 <0.01

Luminal A (105) 71 (67.6) 81 (77.1) 58 (55.2) 

Luminal B (149) 84 (56.4) 109 (73.2) 60 (40.3) 

HER2 positive (51) 25 (49.0) 38 (74.5) 21 (41.2) 

Triple negative (43) 22 (51.2) 30 (69.8) 15 (34.9) 

lymph node status

Negative (231) 143 (61.9) 0.02 175 (75.8) 0.66 108 (46.8) 0.10

Positive (120) 59 (49.2)  86 (71.7)  46 (38.3) 
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Tumor-size independent diff erences between subgroups
Older patients were more likely to be eligible for minimally invasive treatment than 
younger patients. In contrast to the results reported above, this observation was inde-
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Figure 4. The total margin (x-axis) versus the percentage of eligible patients (y-axis) with tumors ≤ 17 mm 
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skin, fi gure b shows the nearest distance between tumors and the pectoral muscle, and c shows the nearest 
distance between either skin or pectoral muscle.
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pendent of tumor size, i.e., the mean tumor size did not differ significantly between 
younger and older patients (18.2 mm versus 18.0 mm, p = 0.77). Age was, however, de-
pendent on the breast size, i.e., older patients had on average significantly larger breasts 
than younger patients (1026 ml versus 876 ml, p < 0.01). The difference in eligibility 
between older and younger patients was associated with differences in the shortest 
distances of tumors to the skin as well as differences in the shortest distances to the 
pectoral muscle.

dIsCUssIon

The aim of this study was to assess the fraction of patients with early-stage breast cancer 
who may be eligible for minimally invasive treatment based on breast tumor location. 
If a 10 mm safety margin between tumor and skin is required, 84.3% of patients would 
be eligible. The same proportion was found for a 10 mm safety margin between tumor 
and pectoral muscle. If a 10 mm safety margin to both skin and pectoral muscle is re-
quired, 72.3% of patients would still be eligible. Previous studies on minimally invasive 
breast cancer treatment generally persisted to a safety margin of 10 mm to both critical 
structures [10,11]. Nonetheless, safety margins vary among different technologies and 
may become smaller with an increase in experience with new technologies and the use 
of dedicated systems [22,23]. For this reason, we present our results for a wide range of 
safety margins.
Previous studies showed the presence of occult disease foci surrounding the tumor 
[12,24]. A 10 mm treatment margin around the MRI-visible tumor may include occult 
disease in 52% of patients, and a 20 mm treatment margin in 25% of patients [12]. Wu et 
al. performed ultrasound-guided HIFU with 15 to 20 mm treatment margins surrounding 
the tumor [25]. Our results show a rapid decrease in the proportion of eligible patients 
when large margins around the tumor are to be treated. If a 10 mm safety margin to skin 
and pectoral muscle is required, only approximately 50% of patients would be eligible 
when a 5 mm treatment margin is employed. This proportion decreases to 21.7% for a 
treatment margin of 10 mm. Hence, a treatment margin of larger than 10 mm during 
minimally invasive treatment may often not be feasible, although a margin of 10 mm 
is currently often used for surgical resection. Also, these results emphasize that it is 
unlikely that adjuvant radiotherapy can be avoided after minimally invasive therapies.
To our knowledge, no results were previously reported about tumor location in view of 
patients’ eligibility for minimally invasive treatment. Recently, Torstenson et al. reported 
that both the distance between tumor and nipple and tumor and skin, is larger in pa-
tients with negative lymph nodes than in patients with positive lymph nodes. Based on 
our results, we think that this finding is most likely based on the (statistically significant) 
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difference in tumor size between these two groups. In this study, we found a mean 
shortest distance of tumors to skin of 17.6 mm, against 9 mm in the study of Torstenson 
[26]. This disagreement may be explained by differences in patient population, imaging 
techniques, and patient positioning. During breast MRI, patients in our study were in 
prone orientation with the breast pendulous, while Torstenson et al. compressed the 
breast by an ultrasound transducer during tumor visualization. This difference in geom-
etry of the breast during imaging may well explain a major part of the discrepancy be-
tween the results. Historically, minimally invasive treatments were performed in supine 
position. However, new treatment systems, for example for MRI-guided HIFU, however, 
are constructed for treatment in prone orientation [22,23]. In this orientation, the image 
quality of MRI is superior to that in supine patient orientation due to the minimization of 
respiratory motion. Another advantage is the comparability to pre-treatment diagnostic 
MR imaging, which is always performed in prone position.
Studies in large patient cohorts with both early and advanced breast cancers have 
shown that most tumors are located in the lateral hemisphere or in the upper outer 
quadrant of the breast [27-29]. In our population, we found that most tumors are indeed 
located in the lateral hemisphere. Conversely to previous studies, tumors were equally 
distributed between lower and upper quadrants. This information may be, for example, 
relevant for the design considerations of systems dedicated to breast cancer ablation. In 
this study, the tumor location and tumor extent were established using fully automated 
and semi-automated segmentation techniques to help reduce the potential impact of 
inter- and intraobserver variations. In previous studies, tumor location was assessed 
based on clinical examination or mammographic images during breast compression, 
which may explain some discordance.
Several interesting results were found in our subgroup analyses. First, as might be ex-
pected, patients with small tumors were more likely to be eligible for minimally invasive 
treatment. Second, patients with low-grade tumors or less aggressive breast cancer 
subtypes were more likely to be eligible for minimally invasive treatment. This finding 
may, however, be indirectly explained by tumor size, because these subgroups of pa-
tients had significantly smaller tumors. In addition, patients older than 58 years were 
more likely to be eligible for minimally invasive treatment than younger patients. This 
finding may be explained by the observation that older patients had on average larger 
breasts than younger patients. In future clinical setting, minimally invasive treatment 
will most likely be performed in patients at low risk of loco-regional recurrence. The 
results of our subgroup analyses were encouraging in the context of selecting patients 
for minimally invasive therapy. Older patients with prognostically favorable tumors, e.g., 
luminal A breast cancer tumor subtypes, were more likely to be eligible for minimally 
invasive breast cancer treatment, and this is precisely the patient population where con-
cern exists for potential overtreatment [30,31]. A limitation of our study is that we have 
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only investigated one factor limiting patients’ eligibility for minimally invasive therapy. 
Additional factors to consider are biological tumor characteristics such as thermal tissue 
properties or tumor vascularity.
To conclude, if a 10 mm safety margin between tumor and skin and between tumor and 
pectoral muscle is required, 72.3% of patients would be eligible for minimally invasive 
breast cancer treatment. For additional treatment margins surrounding the tumor, a 
rapid decrease in the proportion of eligible patients was observed. Furthermore, if tu-
mor location is considered, older patients with prognostically favorable tumors are more 
likely to be eligible for minimally invasive breast cancer therapy than other patients.
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aBstraCt

Optimizing the treatment of breast cancer remains a major topic of interest. In current 
clinical practice, breast-conserving therapy is the standard of care for patients with lo-
calized breast cancer. Technological developments have fueled interest in less invasive 
breast cancer treatment. Magnetic resonance imaging-guided high-intensity focused 
ultrasound (MR-HIFU) is a completely noninvasive ablation technique. Focused beams 
of ultrasound are used for ablation of the target lesion without disrupting the skin and 
subcutaneous tissues in the beam path. MRI is an excellent imaging method for tumor 
targeting, treatment monitoring, and evaluation of treatment results. The combination of 
HIFU and MR imaging offers an opportunity for image-guided ablation of breast cancer. 
Previous studies of MR-HIFU in breast cancer patients reported a limited efficacy, which 
hampered the clinical translation of this technique. These prior studies were performed 
without an MR-HIFU system specifically developed for breast cancer treatment. In this 
chapter, a novel and dedicated MR-HIFU breast platform is presented. This system has 
been designed for safe and effective MR-HIFU ablation of breast cancer. Furthermore, 
both clinical and technical challenges are discussed, which have to be solved before 
MR-HIFU ablation of breast cancer can be implemented in routine clinical practice.
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IntrodUCtIon

The treatment of breast cancer has radically changed during the last century [1]. Radical 
mastectomy was standard of care for local control of the primary tumor until the in-
troduction of breast-conserving therapy (BCT), i.e. limited local surgery combined with 
whole breast irradiation, in the 1950s. Multiple large randomized trials reported equal 
disease-free and overall survival after BCT and mastectomy, establishing BCT as the ‘gold 
standard’ in patients with localized breast cancer [2-5]. Continuing technological devel-
opments have made it possible to ablate tumor tissue with minimally or noninvasive 
techniques. In the past decade, articles have been published about breast cancer treat-
ment using thermal ablation techniques such as cryoablation, radiofrequency ablation, 
and laser interstitial thermal therapy [6-8]. These are all minimally invasive treatment 
techniques, in which a probe is inserted through the skin to reach the target lesion for 
thermal ablation. Minimally invasive treatment techniques have many potential benefits 
for patients compared with conventional surgery. They are performed as an outpatient 
procedure, can reduce the risk of complications such as infections and bleeding, and 
potentially yield better cosmetic results without scars or deformation of the breast as 
seen after breast-conserving surgery.
A completely noninvasive technique for thermal ablation is high-intensity focused ultra-
sound (HIFU). During HIFU, the ultrasound beam is focused into a small target volume 
to reach high focal power levels, resulting in temperature elevations causing cell death 
in a small target volume of tissue, while surrounding structures are spared [9]. HIFU can 
be guided by magnetic resonance imaging (MR-HIFU) or by conventional diagnostic ul-
trasound (US-HIFU). Worldwide, thousands of patients with uterine fibroids, liver cancer, 
breast cancer, pancreatic cancer, bone tumors, and renal cancer have been treated by 
US-HIFU [10]. Magnetic resonance imaging (MRI) however is considered to be the most 
accurate method to guide HIFU treatment. MRI offers excellent soft tissue contrast and 
can be used for planning before treatment, for treatment monitoring including nonin-
vasive temperature assessment during treatment, and evaluation of treatment results 
after HIFU ablation, because necrotic tissue is visualized as a non-perfused volume after 
contrast injection [11]. In this chapter, we only focus on MRI-guided HIFU.
In 2004, the first results of MR-HIFU treatment of uterine fibroids were reported. For 
these benign tumors, MR-HIFU was applied to achieve symptom relief [12,13]. A second 
clinical application of MR-HIFU has been proven to be the palliative treatment of patients 
with painful bone metastases. A significant reduction in pain can be achieved three 
months after treatment [14,15]. A potential third clinical application is MR-HIFU of liver 
tumors. Nevertheless, treatment within the liver is difficult because of severe motion of 
the liver due to breathing and the limited ultrasound window caused by the overlying 
ribs [16]. In this chapter, a novel and dedicated breast platform for MR-HIFU treatment 
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of breast tumors is presented. Furthermore, the opportunities and future challenges of 
MR-HIFU in the treatment of breast cancer are discussed.

PatIEnt sElECtIon

Introducing a new technique into clinical practice is difficult. This is particularly true 
in the field of breast cancer treatment because of the excellent long-term survival of 
breast cancer patients. A new treatment modality has to compete against conventional 
clinical practice, and prove that it has certain benefits over currently available treatment 
methods. Therefore, it is important to identify those patients in whom a new treatment 
technique may be beneficial, before introducing a new technique into clinical practice. 
The introduction of mammographic screening programs has resulted in an increased 
reported incidence rate of patients with early-stage breast cancer [17-19]. A high per-
centage of these tumors is clinically occult (i.e. nonpalpable) and therefore difficult to 
localize during surgery. Re-excision rates due to tumor-positive margins after lumpec-
tomy can be high, i.e. up to 30%, in patients with nonpalpable tumors [20]. Ablation 
techniques often are used in combination with image guidance. Nonpalpable tumors 
therefore may be easier to localize and treat with image-guided ablation techniques.
In 2001, Faverly identified patients with the optimal tumor profile for BCT as patients 
with breast carcinoma of limited extent (BCLE) [21]. BCLE was defined as a primary 
tumor mass in the breast without invasive carcinoma, ductal carcinoma in situ (DCIS), 
and lymphatic emboli foci beyond 1 cm from the edge of the primary lesion. Faverly’s 
definition was based on mammographic and pathologic criteria. When considering MRI-
guided ablation of breast cancer, the definition of BCLE has to be extrapolated. It has to 
be complemented with criteria based on characteristics of the lesion on MRI, which is 
currently a topic of ongoing research. Patients potentially eligible for MRI-guided abla-
tion can be characterized as patients with a well-demarcated, unifocal, small (< 2 cm) 
lesion in the breast without surrounding DCIS.

MrI For tUMor tarGEtInG, trEatMEnt MonItorInG, and tHE 
dEFInItIon oF MarGIns

MRI can provide anatomical images with excellent soft tissue contrast and high spatial 
and temporal resolution. It is an attractive imaging technique because of its noninva-
siveness and the ability to provide three-dimensional image data without exposing 
patients to ionizing radiation. MRI has a high (>95%) sensitivity for the detection of in-
vasive breast cancer [22]. Additionally, compared with other imaging techniques such as 
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mammography and ultrasound, MRI is the most accurate imaging technique to visualize 
the extent of the invasive component of a tumor in the breast [23-27]. MR imaging can 
be used before, during, and after treatment with HIFU. Pre-treatment MRI is employed 
to plan the treatment procedure. During HIFU, dedicated MR thermometry techniques 
allow to map temperature distributions in tissue. Various temperature-sensitive MR 
parameters can be used to measure the temperature: the water proton resonance 
frequency shift (PRFS), the diffusion coefficient, the T1 and T2 relaxation times, and the 
proton density [28-30]. The most widely used MR thermometry (MRT) method is based 
on the temperature dependence of the electron screening of the hydrogen nuclei in 
water, which leads to a PRFS of the water proton that is proportional to temperature 
[29]. Using a dedicated MRT technique, it is possible to perform real-time monitoring of 
the tissue temperature. This is a major advantage, because the temperature information 
can be utilized to adapt the treatment plan if needed. Post-treatment MRI is used to 
evaluate the results of the treatment using several techniques. Contrast-enhanced T1-
weighted images may show non-perfused volumes after tumor ablation. Furthermore, 
T2-weighted imaging, diffusion-weighted imaging, and MR elastography are able to 
detect tissue coagulation [11]. All of these qualities together designate MRI as the best 
available imaging technique to guide and monitor breast cancer ablation with HIFU. 
Finally, MRI is the method of choice for the definition of treatment margins surrounding 
the primary tumor. In 1985, Holland et al. reported the presence of surrounding tumor 
foci around the primary index tumor in up to 63% of patients with invasive cancers [31]. 
Understanding the spreading of foci around the index tumor is important to plan treat-
ment margins for MR-HIFU and also to plan radiation therapy after ablation of the index 
tumor. Schmitz et al. compared lesions visible on MRI with histopathological findings 
and showed the presence of microscopically visible disease in 52% of patients eligible 
for BCT beyond 10 mm of the border of the tumor visible on MRI [32]. The findings of 
Schmitz et al. imply that a relatively wide ring of tissue around the MRI-visible lesion 
has to be included in adjuvant external beam radiation therapy after treatment with 
MR-HIFU ablation.

Mr-HIFU

MR-HIFU is the most promising ablation technique currently available. It combines 
completely noninvasive thermal ablation with accurate treatment planning, monitoring, 
and evaluation by MRI. MR-HIFU has been called a ‘disruptive technology’, because it has 
the potential to radically change existing medical disciplines, and eventually to replace 
several invasive surgical procedures [33]. The idea to use focused ultrasound for nonin-
vasive thermal ablation of tumors inside the body originates from 1942 [34]. Diagnostic 
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ultrasound uses frequencies in the range of 1-20 MHz, whereas frequencies for thera-
peutic HIFU applications lie between 0.8-3.5 MHz [9]. Focused ultrasound is generated 
when a beam of ultrasound waves is concentrated into a focal point. Ultrasound waves 
can be focused by lenses, reflectors, or a spherically curved transducer. Additionally, 
if the transducer consists of an array of small transducer elements, electrical focusing 
may be used to create a focal point. All transducer elements are driven separately by 
alternating signals of a predefined phase and amplitude to be in phase at the focal point 
[35]. The ablation volume of one single HIFU exposure or sonication is small and varies 
according to the characteristics of a transducer and the use of mechanically and/or elec-
tronically steering of the focus position. Typically, the focus volume resembles the shape 
of a cigar and has a transverse diameter of 1-3 mm and an axial length of 8-15 mm [9]. 
Many single focal points can be successively ablated in a grid to ablate a larger volume. 
With this point-by-point method, however, a large part of energy is lost by heat diffusion 
due to the cooling time between sonications. To increase the efficacy of HIFU and to 
reduce treatment time, volumetric ablation methods have been proposed. In the latter 
case, the deposited energy is more efficiently used and it is possible to ablate larger 
volumes in shorter time. Salomir et al. described a spiral trajectory of the focal point, 
and proved that a uniform temperature distribution can be reached in a larger target 
volume [36]. In 2009, a new method of volumetric ablation was introduced in which 
the ultrasound energy is applied in a continuous manner over a number of concentric 
circular trajectories of increasing size [37,38].
Despite its complete noninvasiveness and other attractive properties, HIFU has not 
been widely used in clinical practice. Until a few years ago, no high-quality imaging 
technique was available for target delineation and monitoring of tissue changes or 
treatment response during HIFU. In 1993, Hynynen et al. demonstrated the feasibility of 
combining MRI and HIFU. It was shown that it is possible to perform sonications inside 
the magnet of an MRI scanner [39]. Also, the potential of MRI to detect tissue damage 
immediately after the sonications was proven. Based on these findings, the first system 
for MR imaging-guided tumor ablation with HIFU was developed. The transducer posi-
tioner was computer-controlled and integrated into the patient table of an MRI system. 
A workstation outside the MRI scanner was programmed to plan, control, and monitor 
the treatment [40]. The combination of MRI and HIFU caused a major breakthrough 
in the field of HIFU. It has led to many technological advances in the development of 
dedicated HIFU systems, and also to the development, optimization, and validation of 
pulse sequences dedicated for MR temperature mapping [41].
Two major applications of MR-HIFU are the creation of mild hyperthermia and thermal 
ablation at higher temperatures [42,43]. In this chapter, we will only discuss thermal abla-
tion, because we think this is the first clinical application of MR-HIFU for the treatment of 
breast cancer. A high tissue temperature (50-100 °C) for a short period of time is necessary 
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to thermally ablate tissue [43]. When the threshold for protein denaturation (57-60 °C) is 
passed, only a few seconds of heating is required to reach coagulation necrosis [33].

Mr-HIFU tHEraPy oF BrEast tUMors

In 2001, the first work concerning MR-HIFU ablation in the breast was reported. Hynynen 
and colleagues treated nine patients with fibroadenomas, and showed that these 
benign breast tumors can safely and noninvasively be ablated [44]. In the same year, 
Huber et al. performed MR-HIFU in a single patient with breast cancer who underwent 
breast-conserving surgery five days after MR-HIFU treatment [45]. Histopathological 
analysis showed lethal and sublethal tumor damage, but no exact percentage of tumor 
necrosis was reported. Table 1 shows an overview of studies on MR-HIFU ablation of 
breast tumors. Gianfelice was the first who reported a phase I trial in 12 breast cancer 
patients who were treated with MR-HIFU according to a treat-and-resect protocol [46]. 
To remove all cancerous tissue and to achieve equal results as those after conventional 
tumor resection following breast-conserving surgery, it is believed that complete ne-
crosis has to be achieved with MR-HIFU ablation. Gianfelice reported the presence of 
residual cancer cells mainly at the periphery of the tumor mass, indicating that a larger 
margin around the tumor as seen on MR images has to be targeted to reach complete 
eradication of all tumor cells. Between 2003 and 2007, several clinical trials reported 
treatment of breast cancer patients using MR-HIFU [47-52].
Most of these studies were performed according to a treat-and-resect protocol. Zippel 
et al. reported complete necrosis in 20% of patients [52], whereas Khiat et al. showed a 
lack of residual cancer cells in 27% of treated lesions [51]. Furusawa demonstrated the 
best results to date with complete necrosis in 54% of treated patients [47]. Two studies 
were performed without surgical resection after MR-HIFU ablation. The first study by 
Gianfelice et al. used MR-HIFU as an adjunct to tamoxifen therapy for treatment of high-
risk surgical patients [50]. Success of MR-HIFU treatment was assessed with follow-up 
MRI and biopsies. After one or two treatment sessions, 79% of patients had negative 
biopsy results. Furusawa performed local treatment of 21 patients with MR-HIFU only 
[48]. Patients underwent one or two treatment sessions, and after a median follow-up of 
14 months with breast ultrasound imaging and MRI, one local recurrence was detected. 
Most studies performed MR-HIFU treatment with the ExAblate 2000 (InSightec-TxSonics, 
Haifa, Israel and Dallas, Texas) [46,47]. This system consists of a spherically shaped trans-
ducer embedded in a water bath, built-in into an MR table top. Ultrasound beams target 
the breast from anterior using the point-by-point method. In 2006, a dedicated breast 
MR-HIFU system was presented in which the breast is targeted with a lateral ultrasound 
beam with the phased array transducer moving around the breast [53]. Another laterally 
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table 1. An overview of MR-HIFU ablation in the breast

study n tumor 
characteristics

tumor 
size

surgery outcome
assessment by

success of ablation 
procedure

Hynynen 
et al. [44]
(2001)

11 - fibroadenomas 
(n=11)

1.9 cm3 
(mean)

No DCE-MRI - 73% (8/11):
successfully treated 
(partial or total)
- 27% (3/11):
treatment failure

Huber et 
al. [45]
(2001)

1 - invasive ductal 
carcinoma (n=1)

2.2 x 2 x 
1.4 cm3

Yes
(breast-
conserving 
surgery)

Histopathology No exact percentage of 
tumor necrosis provided

Gianfelice 
et al. [46]
(2003)

12 - invasive ductal 
carcinoma (n=11)
adenocarcinoma 
(n=1)

0.11-8.8 
cm3 
(range)

Yes
(segmental 
tumor 
resection)

Histopathology Mark 1*
43.3% tumor necrosis 
(mean)
Mark 2
88.3% tumor necrosis 
(mean)
- 16.7% (2/12):
complete necrosis

Gianfelice 
et al. [49]
(2003)

17 - invasive ductal 
carcinoma (n=14)
- adenocarcinoma 
(n=2)
- invasive lobular 
carcinoma (n=1)

0.11-8.8 
cm3 
(range)

Yes
(segmental 
tumor 
resection)

Histopathology - 24% (4/17):
complete necrosis
- 53% (9/17):
<10% residual cancer
- 24% (4/17):
30-75% residual mass

Zippel et 
al. [52]
(2005)

10 - infiltrating breast 
carcinoma (n=10)

2.2 cm 
(mean)

Yes
(standard 
lumpectomy)

Histopathology - 20% (2/10):
complete necrosis
- 20% (2/10): microscopic 
foci of residual carcinoma
- 30% (3/10):
10% residual tumor
- 30% (3/10):
10-30% residual tumor

Khiat et 
al. [51]
(2006)

26 - invasive ductal 
carcinoma (n=25)
- lobular carcinoma 
(n=1)

0.11-
11.2 cm3 
(range)

Yes
(segmental 
tumor 
resection)

Histopathology - 27% (7/27):
complete necrosis
- 40.7% (11/27):
<10% residual cancer
- 27% (7/27):
20-90% residual cancer
- 3.7% (1/27):
missing

Furusawa 
et al. [47]
(2006)

30 - DCIS (n=4)
- invasive 
adenocarcinoma 
(n=1)
- invasive ductal 
carcinoma (n=25)

0.5-2.5 
cm 
(range)

Yes
(breast-
conserving 
surgery or 
mastectomy)

Histopathology 96.9% tumor necrosis 
(mean)

- 54% (15/28):
complete necrosis
- 43% (12/28):
95-100% necrosis
- 11% (3/28):
<95% necrosis
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mounted phased array transducer in a dedicated design has been presented recently by 
Payne et al. [54]. As far as we know, only one patient with breast cancer has been treated 
with a laterally shooting transducer in a first feasibility study [45]. Furthermore, no treat-
ments have ever been performed with a dedicated system specifically developed for 
breast tumor ablation.

dEdICatEd Mr-HIFU BrEast PlatForM

Recently, a dedicated MR-HIFU breast platform has been developed for ablation of 
breast tumors (Sonalleve, Philips Healthcare, Vantaa, Finland). The breast platform was 
designed to dock on top of a standard 1.5 Tesla MRI scanner (Achieva, Philips Healthcare, 
Best, the Netherlands) and is presented in Figure 1. The platform consists of a water-
filled table top with a breast cup positioned in the middle of the table. During MR-HIFU 
treatment, patients are positioned prone on the table with the targeted breast inside 
the cup. The space in the breast cup surrounding the breast is filled with water to enable 
ultrasound waves to target the breast. Eight separate focused ultrasound modules with 
32 transducer elements of 6.6-mm diameter each form a circular structure of 270 de-
grees surrounding the breast cup. The frequency for ablation is 1.45 MHz and the focal 
length of the transducers is 13 cm. The circular structure of the breast platform uses a 
mainly horizontal beam path orientation. Ultrasound beams target the breast from the 
lateral sides, hereby increasing the effective distance from focal point to rib cage, heart, 
and lungs. The larger distance reduces the heating of critical structures, because the 
far field, i.e., the area after the focal point, is mainly located inside the breast (Figure 2). 

table 1. An overview of MR-HIFU ablation in the breast (continued)

study n tumor 
characteristics

tumor 
size

surgery outcome
assessment by

success of ablation 
procedure

Gianfelice 
et al. [50]
(2003)

24 - non-metastatic 
breast neoplasm 
(n=24)

0.6-2.5 
cm 
(range)

No Biopsy After first treatment:
- 58% (14/24):
no residual tumor on 
biopsy specimens
After second treatment:
- 79% (19/24): 
successfully treated
- 21% (5/24): treatment 
failure

Furusawa 
et al. [48]
(2007)

21 - invasive and 
noninvasive ductal 
carcinoma (n=21)

1.5 cm 
(median)

No Clinical follow-
up with MRI and 
ultrasound

One recurrence during an 
observation period of 14 
months (median)

* Patients in this study were treated with 2 different ultrasound systems (Mark 1 and Mark 2), for which results 
separately were reported.
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More importantly, the large aperture design of this system lowers the local energy 
density on the skin, consequently reducing the risk of skin burns. The drawback of this 
wide aperture transducer design is that the focus is more vulnerable to distortion due to 
large differences in the acoustic path of the individual elements. These focus aberrations 
will be larger if the tissue is heterogeneous. Because breast tissue consists of a mix of 
fibroglandular and adipose tissue, the quality of the ablation focus in the breast will 
require attention. If the amount of adipose and glandular tissue within the beam paths 
of the individual elements vary greatly, it might be difficult to create a homogeneous 
ultrasound focus. The phase aberrations might cause an offset of the ablated region 
from the intended sonication location to which tissue parameter heterogeneities might 
contribute further. This mandates test sonications to be performed and the results to 
be carefully evaluated and compensated before allowing any therapeutic ablation. 
Mougenot et al. proposed an MRI-based method to apply a phase correction to improve 
the focal point quality [55]. Another advantage of the breast platform is that it uses 
a volumetric ablation method, which allows larger and more homogeneous ablation 

a b

Figure 1. The MR-HIFU breast platform consists of a water-filled table top with breast cup, integrated in a 
1.5T clinical MRI scanner (a). Eight separate focused ultrasound modules with 32 transducers elements each 
are surrounding the breast cup for 270 degrees (b).
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volumes compared with to single-point ablation methods [37]. The shape of a single 
ablation with the breast platform will be approximately that of an oblate ellipsoid. The 
diameter of the available treatment cells (i.e., the planned ablation size per sonication) 
varies between 3 and 12 mm, and the corresponding length between 3 and 8 mm. 
However, the resulting diameter and length of the ablated region will differ based on 
tissue perfusion, attenuation, and diffusion as well as the chosen acoustic power and 
the extent of the phase aberrations induced by the variance in the beam paths. Figure 
3 shows the MR images of an healthy volunteer and the schematic display of the ultra-
sound transducers around the breast cup on the HIFU console.

tECHnICal and ClInICal CHallEnGEs

An invasive tumor in the breast is best visualized using contrast-enhanced MRI. How-
ever, concerns about the administration of gadolinium-based MR contrast agents just 
before or during MR-HIFU treatment have been raised. Gadolinium-based MR contrast 
agents consist of a complex of gadolinium with a carrier molecule like diethylene tri-
amine pentaacetic acid (DTPA). The effects of heating of this complex in human patients 
are currently unknown. A potential hazard is decomposition of the gadolinium chelate 
leading to free Gd3+, or entrapment of the chelated compound inside the ablated 
tissue. Furusawa reported in 2006 about the use of contrast-enhanced imaging before 
MR-HIFU. In this article, no related complications were mentioned [47]. The planning 
of a target volume for treatment with MR-HIFU will be more difficult when only non-
contrast-enhanced MR images are available. Diagnostic contrast-enhanced MRI before 
treatment would need to be compared with unenhanced images during treatment. 
A second technical challenge is the improvement of MRT in breast tissue. The success of 

Figure 2. Schematic view of an ultrasound transducer targeting the breast from anterior (a), showing the 
small distance between the focal point and rib cage. Schematic view of the lateral sonication method of the 
dedicated MR-HIFU breast platform (b), showing the increased distance between focal point and rib cage.
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MRI-guided thermal therapy depends for a major part on the accuracy of the estimation 
of temperatures [30]. MRT has to visualize and quantify the deposition of heat energy 
in the treated tumor and surrounding tissue with adequate spatial and temporal resolu-
tion. As previously mentioned, PRFS-based MRT is the most widely used method during 
MRI-guided thermal therapies. Unfortunately, this technique does not work for protons 
in fat molecules. Fat suppression techniques therefore have been employed during 
PRFS-based MRT in fat-containing tissues. However, during breast tumor ablation, 
preferably both the temperature of the tumor and surrounding adipose tissue should 
be measured. Monitoring of temperatures in fat tissue is important to reduce the risk of 
skin burns, and also when treating a margin around the tumor. Furthermore, a second 
problem related to the use of PRFS-based MRT for breast thermometry has been recently 
raised. This problem is the occurrence of temperature-induced susceptibility changes 
of fat, which can introduce significant errors in PRFS-based MR thermometry and may 
cause inaccurate temperature measurements in the fibroglandular breast tissue during 

Figure 3. T1-weighted 3D gradient echo images without fat suppression of a healthy volunteer with a sche-
matic display of the ultrasound transducers around the breast cup (a and b transversal, c sagittal, d coronal). 
The green spot shows a sonication cell in the middle of the breast.
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MR-HIFU ablation [56,57]. An additional problem of PRFS-based MRT in the breast is 
caused by respiration. The fact that the air volume inside the lungs changes over the re-
spiratory cycle gives rise to time-varying changes in the magnetic field inside the breast 
that can cause considerable temperature errors in PRFS-based MR thermometry [58]. It 
has been shown that these errors can be corrected using a look-up-table based method, 
either with or without a model for the magnetic field disturbances [59]. Regarding the 
difficulties of monitoring temperatures in fat tissue, the selection of patients could be 
restricted to patients with well-defined lesions, i.e., with regular margins and without fat 
stranding, in order to achieve better temperature monitoring.
Furthermore, the following clinical issues need attention before successful transla-
tion of MR-HIFU can be accomplished. First, no excision specimen will be available 
after MR-HIFU ablation. The ablated tumor remains in the breast, and therefore, no 
histopathological analysis can be performed on the excised tumor tissue. Currently, the 
indication for additional chemotherapy is based partially on prognostic factors derived 
from histopathology of the excision specimen (e.g., the grading and receptor status of 
a tumor). If no excised tumor tissue is available, a different method has to be found to 
predict the clinical outcome of breast cancer patients. This may done from core biopsies, 
although discordance between prognostic factors derived from biopsy and excision 
specimens have been reported [60,61]. Furthermore, tumor-positive margins cannot be 
determined. An imaging method has therefore to be found to validate complete necrosis 
of all tumor cells after MR-HIFU ablation. Second, a sentinel node procedure is currently 
indicated in patients with early-stage breast cancer to assess one of the most important 
prognostic factors of breast cancer: the lymph node status. The effect of MR-HIFU on 
the drainage pattern of the sentinel node is currently unknown. Besides, a noninvasive 
therapy like MR-HIFU preferably should be combined with a noninvasive procedure to 
stage the lymph node status. In the future, new techniques, such as diffusion-weighted 
MRI, Sonovue contrast-enhanced ultrasound localization, or FDG-PET may be used to as-
sess the lymph node status of breast cancer patients. Third, radiotherapy will remain an 
essential part of breast cancer treatment after MR-HIFU ablation of the index tumor. Ad-
ditional radiotherapy after breast-conserving surgery has proven its value by showing a 
3.3% (pN0) and 8.5% (pN1) absolute reduction in breast cancer death after 15 years [62]. 
At this moment, delineation of radiotherapeutic target volumes after breast-conserving 
surgery is difficult because of a number of reasons. Delineation is mostly done based 
on CT scans, which provides no optimal soft tissue contrast. Large differences in target 
volume delineation therefore are observed [63-66]. The total radiotherapeutic dose and 
the irradiated volume should both be kept as minimal as possible to gain the best cos-
metic results [67]. Nonetheless, a recent study by den Hartogh et al. showed no correla-
tion between the excised specimen volume and the irradiated volume in patients with 
early-stage breast cancer treated with breast-conserving therapy [68]. After MR-HIFU 
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ablation, the breast will not be distorted in the same way as after surgery, and MR-HIFU 
will leave a well visible region to serve as a target for radiotherapy. Hence, the precision 
of conventional CT-guided radiotherapy could improve after treatment with MR-HIFU. 
The combination of MRI-guided radiotherapy after MR-HIFU also potentially allows a 
more accurate delineation of the target volume. Research in this area is ongoing [69,70].

ConClUsIons

MR-HIFU is a promising technique for completely noninvasive treatment of breast can-
cer. Previous studies of MR-HIFU in breast cancer patients reported a limited efficacy, 
which hampers the clinical translation of this technique. These prior studies were per-
formed without an MR-HIFU system specifically developed for breast cancer treatment. 
In this article, a novel and dedicated MR-HIFU breast platform is presented. Technical 
and clinical challenges are discussed, which may help to improve clinical translation in 
future studies.
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aBstraCt

Purpose

Magnetic resonance imaging-guided high-intensity focused ultrasound (MR-HIFU) is a 
promising technique for noninvasive breast tumor ablation. The purpose of this study 
was to investigate the effects of HIFU ablation and thermal exposure on ex vivo human 
breast tissue.

Materials and Methods

HIFU ablations were performed in three unembalmed cadaveric breast specimens using 
a clinical MR-HIFU system. Sonications were performed in fibroglandular and adipose 
tissue. During HIFU ablation, time-resolved anatomical MR images were acquired to 
monitor macroscopic tissue changes. Furthermore, the breast tissue temperature 
was measured using a thermocouple to investigate heating and cooling under HIFU 
exposure. After HIFU ablation, breast tissue samples were excised and prepared for 
histopathological analysis. In addition, thermal exposure experiments were performed 
to distinguish between different levels of thermal damage using immunohistochemical 
staining.

results

Irreversible macroscopic deformations up to 3.7 mm were observed upon HIFU ablation 
both in fibroglandular and in adipose tissue. No relationship was found between the 
sonication power or the maximum tissue temperature and the size of the deformations. 
Temperature measurements after HIFU ablation showed a slow decline in breast tissue 
temperature. Histopathological analysis of sonicated regions demonstrated ablated tis-
sue and morphologically complete cell death. After thermal exposure, samples exposed 
to three different temperatures could readily be distinguished.

Conclusions

In conclusion, the irreversible macroscopic tissue deformations in ex vivo human breast 
tissue observed during HIFU ablation suggest that it might be relevant to monitor tissue 
deformations during MR-HIFU treatments. Furthermore, the slow decrease in breast 
tissue temperature after HIFU ablation increases the risk of heat accumulation between 
successive sonications. Since cell death was inflicted after 5 minutes at 75 °C, MR-HIFU 
may find a place in noninvasive treatment of breast tumors.
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IntrodUCtIon

Breast cancer is the most common malignancy in women worldwide [1] . Over the last 
decades, a shift has been made towards less invasive treatment of breast cancer [2,3]. 
Subsequently, there has been growing interest in techniques like radiofrequency, micro-
wave and high-intensity focused ultrasound (HIFU) ablation [4-6]. HIFU is a completely 
noninvasive technique using an external ultrasound transducer to deposit energy pre-
cisely into a volume of interest within the body. When ultrasound waves propagate 
through tissue, a portion of the wave energy is converted into heat. Two major clinical 
applications of HIFU are hyperthermia and thermal ablation. For hyperthermia, a temper-
ature between 42 and 45 °C is established during 30 to 60 minutes [7], while for thermal 
ablation a temperature between 50 and 100 °C is required for a shorter time period [8].
The thermal dose is a quantity that reflects exposure time to elevated temperatures 
and can be calculated by the isoeffect thermal dose relationship [9]. This relationship 
compares different regimes of thermal exposure by converting time-temperature data 
into a unit of cumulative equivalent minutes (CEM) at 43 °C. It has been proven that a 
thermal dose between 120 and 240 CEM causes considerable tissue necrosis, however 
the sensitivity to thermal exposure varies for different tissue types [10]. A thermal dose 
of 240 CEM is commonly used as threshold for irreversible damage and coagulation 
necrosis [11].
Ultrasound imaging and magnetic resonance imaging (MRI) have both been used to 
guide HIFU treatments [12]. MRI, however, is the best imaging modality for accurate 
delineation of breast tumors, and MR thermometry is the method of choice for real-time 
measurements of tissue temperatures [13,14]. Measuring temperature maps during 
treatment provides direct feedback on the accuracy of the targeting, and the feed-
back may also be used for temperature-based control of the treatment. Furthermore, 
temperature mapping allows thermal dose calculation through the assessment of the 
temperature evolution in time.
Previous studies have shown the feasibility of magnetic resonance imaging-guided 
high-intensity focused ultrasound (MR-HIFU) for breast cancer treatment [15-18]. How-
ever, these studies were performed in small groups of patients and efficacy of treatment 
was limited [4]. HIFU ablation of lesions inside the heterogeneous breast consisting 
of water- and fat-containing tissues was found to be challenging. Recently, improve-
ments in MR thermometry methods for the breast, advances in HIFU techniques and 
the development of dedicated MR-HIFU breast systems have been reported [19-23]. In 
the current study, the effects of HIFU ablation on ex vivo breast tissue were investigated. 
Relevant knowledge about the behavior of breast tissue during and after HIFU ablation 
is presented. Together with recent technical developments, this may contribute to an 
improvement in efficacy of future HIFU treatments.
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MatErIals and MEtHods

Experimental set-up for Mr-HIFU experiments

HIFU ablation was performed with a clinical HIFU system (Sonalleve, Philips Healthcare, 
Vantaa, Finland) integrated into a 1.5 Tesla MR imaging system (Achieva, Philips Health-
care, Best, the Netherlands). The amputated breasts of three unembalmed, human 
female cadavers with a mean age of 81 years were used for the MR-HIFU experiments. 
Just prior to performing the experiments, breast tissue was degassed for a minimum of 
twelve hours to prevent cavitation effects during HIFU sonications. To avoid macroscopic 
motion during sonications, the breast specimens were clasped in a homebuilt tissue 
holder existing of two acoustically transparent Mylar membranes in a framework. The 
tissue holder with the breast specimen was placed on top of the MR-HIFU transducer 
window in the MR table. The experimental set-up is presented in Figure 1. A grid with co-
ordinates and two vitamin E capsules serving as MR-visible reference markers were used 
to determine the locations of the HIFU sonications inside the tissue. Agar gel pads were 
added below and on top of the tissue holder to prevent reflections of the ultrasound 
beam and to create an unobstructed acoustic window on the specimen.

Figure 1. Schematic overview of the set-up during the MR-HIFU experiments (a). Picture of the HIFU system 
with a breast specimen on top of the HIFU transducer in the 1.5T MRI scanner (b).

Mr-HIFU ablation

To investigate the effects of HIFU ablation on breast tissue on a macroscopic level, HIFU 
sonications of 60 seconds with different acoustic powers (40, 60 and 80 Watt) were per-
formed both in regions with predominantly adipose tissue and in regions with predomi-
nantly fibroglandular tissue that were identified on MR images. The ultrasound energy 
was applied using a novel volumetric ablation technique with concentric circular focus 
trajectories of increasing diameter, allowing for larger and more homogeneous ablation 
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volumes than with the conventional point-by-point ablation method [20,24]. The resulting 
volumes of ablation, called cells, are cigar-shaped with a diameter of 4 mm and a length 
of 10 mm. Figure 2 shows the ablation cell planning prior to the sonications in one of the 
breast specimens. Before, during and after HIFU ablation, a 3D balanced gradient echo se-
quence (20 slices; TR/TE 3.4/1.7 ms; flip angle 40°; FOV 40 x 260 x 260 mm3, acquired voxel 
size 2 x 1.25 x 1.40 mm3, reconstructed voxel size 2 x 0.77 x 0.77 mm3), with a dynamic scan 
time of 5.8 seconds, was employed to monitor anatomical changes in the breast tissue.

analysis of tissue deformations

Subtraction images from the dynamic 3D scans acquired during ablation were calculated 
for the quantitative analysis of tissue deformations. The first dynamic image obtained 
before the start of HIFU ablation, was subtracted from all the following dynamic images 
during and after HIFU ablation using the MeVisLab platform (MeVis Medical Solutions, 
AG, Bremen, Germany). The subtraction images were used to measure tissue deforma-
tions in the breast tissue using a caliper tool in the image processing environment. The 
maximum deformation was determined in all breast specimens for sonications with 
different acoustic powers in both fibroglandular and adipose parts of the breast tissue.

Figure 2. Schematic depiction of a cigar-shaped sonication cell with a diameter of 4 mm and a length of 10 
mm (a). Breast specimen in vertical (b) and horizontal (c) plane showing the ablation cell planning.



Chapter 5

86

temperature measurements during and after HIFU ablation

Currently, the most widely used MR thermometry method is based on the proton 
resonance frequency shift (PRFS). This method performs well in the water-containing 
fibroglandular breast tissue, but is not able to measure temperatures in adipose tissue 
[14]. When PRFS is used during HIFU ablation, temperature rises in the adipose tissue 
surrounding the tumor remain undetected. Therefore, it is interesting to get an estimate 
of the changes in (adipose) breast tissue temperature during and after HIFU ablation. 
Due to the differences in perfusion, heat capacity, and conductivity, adipose tissue will 
show a larger rise and a slower decline in temperature than fibroglandular or tumor 
tissue. To investigate the heating of breast tissue under HIFU exposure, separate MR-
HIFU experiments were performed in which a K-type thermocouple (Tempcontrol, 
Nootdorp, the Netherlands) was inserted in a region with mostly adipose breast tissue. 
Temperatures were measured before, during and after HIFU ablation using home writ-
ten software (LabView, National Instruments, Woerden, the Netherlands). The artifact of 
the thermocouple visible on MR images was used as a first estimate of the thermocouple 
position. Next, the exact position of the thermocouple was determined by finding the 
position with the highest temperature increase during short, low power (20 Watt) HIFU 
test shots. The thermocouple temperature readings were logged before, during and af-
ter HIFU sonications. The same HIFU settings were employed as during the deformation 
experiments (sonications of 60 seconds with acoustic powers of 40, 60 and 80 Watt). 
The main purpose of these experiments was to acquire an estimate of the temperature 
during sonications to explore the relation between the (peak) temperature in the breast 
tissue and the degree of deformation. Furthermore, the temperature data during the 
decrease in temperature after HIFU ablation were used to calculate the cooling time 
constant. The existing risk of heat accumulation between two successive sonications in 
adipose breast tissue, which cannot be measured by PRFS-based MR thermometry, may 
cause complications during HIFU treatment of patients. Therefore, it is relevant to have 
information about the decline in breast tissue temperature after sonications. The tissue 
was allowed to cool down to its baseline temperature, i.e., 30 °C after the low power test 
shots, before a subsequent sonication was performed. Every second, two temperature 
measurements were acquired. All data points during the whole temperature decay were 
used to fit the data using a mono-exponential decay function T(t) = T0 ∙ e(-t/τ), where 
T(t) is the temperature as a function of time t, T0 is the (peak) temperature directly after 
sonications, and τ represents the cooling time constant.

Macroscopic and microscopic examination after HIFU ablation

Breast tissue was manually palpated before and after MR-HIFU experiments to assess 
the changes in palpability. Regions of interest were localized on basis of the coordi-
nated grid and the locations of the vitamin E capsules, which were well visible in the MR 
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images. Samples of the sonicated breast tissue were excised, fixed in neutral buffered 
formaldehyde 4% and routinely paraffin embedded. Embedded samples were cut into 
4-μm thick slices and stained using hematoxylin & eosin (H & E). Immunohistochemical 
staining with cytokeratin 8 (CAM5.2; Becton Dickinson, Erembodegem-Aalst, Belgium) 
was added to the protocol, because this staining has been proven to be able to dem-
onstrate a clear demarcation between viable and nonviable breast tissue after radiofre-
quency ablation [25]. Diaminobenzidine was used for the development of cytokeratin 
8 staining. This produces a non-diffusible brown reaction product, which can be readily 
detected by light microscopy.

thermal exposure of ex vivo breast tissue

The effects of thermal exposure at microscopic level were investigated using small 
samples of unembalmed, human breast tissue (age = 88 years). All samples were ap-
proximately of the same size (about 2 x 2 x 0.5 cm3) and were pre-warmed in a water 
bath with a temperature of 37 °C during ten minutes. Next, three samples were exposed 
to three different temperatures (55, 65 and 75 °C) during three exposure times (5, 10 
and 15 minutes). Six other samples served as control samples and were not heated (n=3) 
or heated for ten minutes at 37 °C only (n=3). The temperature of the water bath was 
automatically controlled and measured using a separate thermometer. After thermal ex-
posure experiments, breast tissue samples were prepared for histopathological analysis 
following the same procedures as after HIFU ablation described above. Routine H & E 
staining and cytokeratin 8 staining were performed on all samples.
To measure the tissue temperature while the samples were submerged in the water bath, 
a fiber optic temperature probe (m3300 Biomedical Lab Kit, LumaSense Technologies, 
Santa Clara, CA USA) was inserted in the middle of a sample that was exposed to similar 
conditions but that was not evaluated for histopathological analysis. These measure-
ments of breast tissue temperature during heating were repeated three times for each 
temperature.

assessment of thermal tissue damage

The hypothesis that cytokeratin 8 staining can distinguish between different levels 
of thermal damage in breast tissue, was tested by the assessment of tissue damage 
after thermal exposure experiments. Three different temperatures and three different 
exposure times were chosen, thus the samples were exposed to nine different thermal 
doses. The degree of thermal tissue damage was determined in all samples. A non-
heated (control) sample was always used to compare thermally exposed samples with. 
In both control samples and heated samples, the process of post-mortem degeneration 
was ongoing, but the effects caused by thermal exposure were only present in heated 
samples.



Chapter 5

88

rEsUlts

deformation of breast tissue during HIFU ablation

Macroscopic tissue deformations were observed in ex vivo human breast tissue during 
HIFU ablation. These HIFU ablation-induced tissue deformations were seen both in 
fibroglandular and in adipose breast tissue using time-resolved anatomical MR imaging. 
Table 1 shows the maximum deformations observed during the different sonications, 
which were measured in subtraction images. Deformations up to 3.7 mm were observed. 
A relation between the degree of deformation and the temperature rise or applied 
acoustic power was not observed. Figure 3 shows magnitude and subtraction images 
before and directly after HIFU ablation. The subtraction image after HIFU ablation shows 
tissue displacements. Figure 4 was generated by image analysis with an optical flow 
based technique [26]. It visualizes the deformation by means of a vector field, showing 

Figure 3. Magnitude (a and c) and subtraction images (b and d) of a sonication with an acoustic power of 
80 Watt in adipose tissue. To acquire subtraction images, the first dynamic image obtained before the start 
of HIFU ablation, was subtracted from all the following dynamic images before, during and after HIFU abla-
tion. The subtraction image of dynamic 2 (b) is acquired before HIFU ablation and shows no tissue displace-
ment. The subtraction image of dynamic 20 (d) is obtained after HIFU ablation and clearly demonstrates 
tissue displacements.
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the strength and direction of the deformations using a minimum threshold value of 
0.1 mm. This figure shows clearly that tissue deformations are present in an area larger 
than the size of the 4-mm sonication cell itself. Additionally, the observed vector field 
indicates that the deformations are not purely translational, but that the breast tissue 
also rotates and contracts during the sonications. The time-resolved anatomical MR scan 
was continued after HIFU ablation. No additional changes or deformations in the breast 
specimens were observed after ending sonications, i.e., the deformations caused by 
HIFU ablation were permanent. No differences in maximum deformation were observed 
between sonications performed either in fibroglandular or in adipose breast tissue. 
Figure 5 displays the different locations and applied acoustic powers in the three breast 
specimens.

table 1. Table displaying the maximum tissue deformations, measured in regions with predominantly 
fibro glandular or adipose breast tissue during sonications of 60 seconds with different acoustic powers.

Fibroglandular breast tissue adipose breast tissue

40 Watt 60 Watt 80 Watt 40 Watt 60 Watt 80 Watt

Breast 1 0.8 0.0 2.1 2.4 1.9 2.2

Breast 2 2.0 3.7 2.7 1.1 1.6 2.5

Breast 3 – * 1.6 1.5 1.2 1.9 2.0

* Tissue deformation could not be measured due to an image artifact.

Figure 4. An optical flow image showing local tissue deformations due to ablation using an 80 Watt 4-mm 
sonication cell in adipose breast tissue. The vectors in the image display the strength and direction of de-
formation using a minimum threshold value of 0.1 mm. If the deformation is above this threshold, vectors 
will display the strength and direction of deformations.
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temperature rise and decay in breast tissue temperature during and after HIFU 
ablation

Figure 6 shows the temperature measurements during sonications of 60 seconds with 
different acoustic powers. Temperature measurements during HIFU ablation indicated a 
rise in temperature of 16.5, 30.6 and 64.5 °C during sonications of 40, 60 and 80 Watt, 
respectively. After mono-exponential fitting, the cooling time constant (τ) was 285, 324 
and 320 seconds for acoustic powers of 40, 60 and 80 Watt, respectively.

Figure 6. The graphs display temperature measurements during and after HIFU ablation. Measurements 
were performed during 60 seconds sonications with acoustic powers of 40, 60 and 80 Watt (a). A close-up 
of the rise in temperature during HIFU ablation (b).

tissue changes after HIFU ablation

No lesions were detected at visual inspection after dissection, neither in the fibroglan-
dular nor in the adipose tissue. After sonications using acoustic powers of 60 or 80 Watt, 
ablated regions felt firmer than surrounding breast tissue. The increased palpability was 

Figure 5. The locations of the sonication cells in the three breast specimens are displayed by the squares 
in different colors.
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only observed after sonications using acoustic powers of 60 or 80 Watt. Microscopic 
examination showed regions of ablated breast tissue after sonications with a high 
acoustic power (e.g. 80 Watt). In Figure 7, a typical example of totally ablated breast 
tissue is presented. The H & E staining shows denaturated breast tissue, hyperintensity 
of the eosinophilic stroma and stretched and hyperchromatic nuclei (Figure 7a and b). 
Cytokeratin 8 staining shows coagulated stroma without viable cells (Figure 7b and d).

thermal tissue damage after thermal exposure experiments

Fiber optic probes inserted in the breast tissue measured a rapid increase in tissue 
temperature. The temperature of the tissue reached the water bath temperature minus 
about one degree. In control samples that were not exposed to heating, high cell viabil-

Figure 7. H & E staining (2x and 10x magnification; a and c) and cytokeratin 8 staining (2x and 10x magni-
fication; b and d) showing complete ablation after an 80 Watt sonication.
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ity in the fibroglandular breast tissue was observed (Figure 8). After thermal exposure, 
samples exposed to the three different temperatures could readily be distinguished. 
Many viable cells were observed after thermal exposure at 55 °C, a low percentage vi-
able cells was observed after heating at 65  °C, and no viable cells were present after 
thermal exposure at 75  °C. This was the same for all three different exposure times. 
Figure 9 illustrates the differences in cell viability between samples exposed to 55, 65 
and 75 °C. On the other side however, it was difficult to distinguish between samples 
heated during three different exposure times at one temperature. This was the same for 
all three different temperatures. No significant difference in damage was found between 
heating for 5, 10 or 15 minutes at each temperature. The similarity in thermal damage in 
samples exposed to three different exposure times is also illustrated in Figure 9.

Figure 8. Cytokeratin 8 staining of a control sample heated for 10 min at 37 °C only (2x, 10x and 20x mag-
nification; a, b and c), showing normal viable breast tissue. Viable cells have a brown color.
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dIsCUssIon

In this study, the effects of HIFU ablation and thermal exposure on ex vivo human 
breast tissue were investigated. A major result is the repeatedly observed deforma-
tions in breast tissue during HIFU ablation in both fibroglandular and adipose breast 
tissue. Furthermore, these tissue deformations were quantified. Recently, Bitton et al. 
described movement of breast tissue during HIFU ablation [27]. However, this move-
ment was observed in only one of the three cadaver breasts. The authors suggested that 
the movements were caused by the location of the sonications close to the edge of the 
breast. In the current study, the tissue deformations in breast tissue due to HIFU ablation 

Figure 9. Cytokeratin 8 staining of nine samples with three different temperatures and three different ex-
posure times. The differences in cell viability after different thermal doses are clearly visible among the 
three temperatures.
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were explored using high-resolution anatomical MR imaging in a set-up in which macro-
scopic motion of the breast tissue was prevented. The maximum deformation observed 
per sonication varied in a range between 0 and 3.7 mm for the 18 different sonications. 
A relation between the degree of deformation and the applied acoustic power or (peak) 
tissue temperature was not observed. Tissue deformations were present both in regions 
with mainly fibroglandular tissue and in regions with mainly adipose tissue. No differ-
ences in maximum deformations in both tissue types were found. Bitton et al. suggested 
that tissue movements are more pronounced during sonications close to the edge of 
the breast. In our study, significant tissue deformations were however also observed 
in the center of the breast specimens (Figure 5). Although the observed deformations 
were relatively small (≤ 3.7 mm), they were not only present on the exact position of the 
HIFU sonication, but also in a larger region surrounding the sonication position (Figure 
4). Furthermore, the tissue deformations were not purely translational, but they also 
had rotational and contraction properties. During our experiments, a set-up was used 
in which the breast was tightly clasped between a tissue holder. Therefore, movement 
of the breast specimen due to non-thermal effects of HIFU, e.g. radiation force, was 
unlikely. The permanent deformations caused by HIFU ablation represent changes in 
tissue structure, probably caused by local tissue density changes through coagulation. 
No additional changes or deformations in the breast specimens were observed after 
ending the sonications. Our results suggest that for MR-HIFU treatments of the breast in 
the future, it may be important to consider therapy-induced tissue deformations during 
ablation, because these deformations might reduce the accuracy of tumor targeting 
during HIFU ablation. Monitoring of deformations by anatomical MR imaging between 
two separate sonications may be necessary to be able to update the treatment plan on 
the fly where needed. Furthermore, local deformations may complicate PRFS-based MR 
thermometry because this is a subtraction technique. For this reason, tissue deforma-
tions can lead to temperature errors when the PRFS method is used [28].
Breast tissue temperature was measured before, during and after HIFU ablation. The 
thermocouple was inserted in a region with mainly adipose breast tissue. With a 
baseline temperature of 30 °C, a maximum temperature rise of 64.5 °C was measured 
during the sonication with the highest acoustic power (80 Watt). Because the same 
HIFU settings were employed as during the deformation experiments, the measured 
peak temperature is a good estimate of the maximum temperature during the 80 Watt 
sonication of the deformation experiments. During the 40 and 60 Watt sonications, a 
steady and almost linear rise in temperature was observed. However, during the 80 
Watt sonication, the temperature rise showed a plateau phase from 20 seconds after 
the start of the sonication (Figure 6b). Human adipose breast tissue consists of differ-
ent fatty acids (i.e. palmitic and oleic acid). Boiling points of these acids are generally 
above 300 °C. The rise in temperature during our experiments did not exceed 94.4 °C, 
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so boiling of the fatty acids did not occur. It might however be that the water inside 
the fibroglandular tissue in the sonicated region reached its boiling point, which may 
explain the plateau phase of the temperature rise. Because of the difficulty to moni-
tor temperatures in adipose tissue with MR thermometry and the risk of undetected 
heat accumulation, the temperature decay in (adipose) breast tissue temperature was 
evaluated. Longer cooling time constants demand for longer waiting times between 
successive sonications during HIFU treatments, because heat accumulation in the 
healthy tissue has to be avoided. After one cooling time constant, the tissue has cooled 
down to 37% of the difference in maximum temperature and baseline temperature. 
Cooling time constants between 285 and 324 seconds were found for the temperature 
decay after the different sonications. This means for example that, more than ten 
minutes after the end of the 80 Watt sonication, the breast tissue temperature was 
still 8.6  °C above its baseline temperature. With regards to this long cooling time, it 
might be advisable to perform temperature measurements between two subsequent 
sonications in breast tissue, for example with an MR thermometry method based on 
temperature-induced changes in the magnetic relaxation times of adipose tissue [29]. 
MR temperature mapping methods that provide temperature information both in 
glandular water-containing tissue and in adipose tissue would be ideal [19,30]. Such 
methods could be used to measure the temperature in and around the tumor and 
also to monitor unwanted heating of fat in the beam path. However, the temporal 
resolution of available methods is currently not suitable to perform real-time guidance 
during MRI-guided therapies.
Histopathological analysis after HIFU ablation showed ablated tissue in sonicated re-
gions. However it was difficult, using the H & E staining, to assess thermal damage after 
sonications using lower acoustic powers and to distinguish between different degrees 
of thermal damage. Therefore, immunohistochemical staining was used to distinguish 
between different levels of thermal damage in breast tissue. Clear differences in cell 
viability were observed after thermal exposure at 55, 65 and 75 °C during 5, 10 and 15 
minutes, respectively. However, no significant differences in tissue damage were found 
between heating for 5, 10 and 15 minutes at 55, 65 and 75 °C, respectively. This finding 
seems reasonable when the exponential relationship between time and temperature 
is considered: for every degree decrease in temperature, duration of heating must be 
increased by a factor two to acquire the same thermal damage [9]. Based on Sapareto’s 
work, 3.5 seconds of heating at a temperature of 55 °C is equal to 240 CEM and would 
lead to 100% tissue necrosis. Currently, evidence about the thermal threshold for normal 
breast tissue is limited and contradicting [10,31,32]. Nevertheless, the estimate of 240 
CEM as a thermal dose threshold seems too low for normal breast tissue, because a high 
percentage of viable cells in fibroglandular breast tissue was observed after thermal 
exposure at 55 °C for five minutes.
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This study has several limitations. All experiments were performed in ex vivo breast tis-
sue. Autolytic processes were therefore active prior to the experiments. For this reason, a 
control sample was always used to assess differences between post-mortem degenera-
tion and the effects of thermal ablation or thermal exposure. In addition, processes as 
perfusion and the formation of edema do not occur in ex vivo tissue.
In conclusion, irreversible macroscopic tissue deformations up to 3.7 mm were observed 
in ex vivo human cadaver breast tissue during HIFU ablation. These observations suggest 
that it might be relevant to monitor tissue deformations during future MR-HIFU treat-
ments to ensure proper targeting of the lesion during an ablation procedure. Further-
more, adequate temperature mapping of the adipose breast tissue between successive 
sonications might be necessary to prevent unwanted heat accumulation in the beam 
path. Since complete cell death was inflicted after 5 minutes at 75 °C, MR-HIFU may find 
a place in noninvasive treatment of breast tumors.
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aBstraCt

Introduction

Magnetic resonance imaging-guided high-intensity focused ultrasound (MR-HIFU) is a 
promising technique for completely noninvasive breast tumor ablation. The aim of the 
present study was to evaluate the precision of rapid multi-slice MR thermometry with 
real-time correction of respiration-induced artifacts and the performance of a dedicated 
breast platform during MR-HIFU ablation in breast cancer patients.

Materials and Methods

Seven volunteers and ten patients were included in the study. The performance of a 
look-up-table (LUT)-based and a model-based method for the correction of respiration-
induced artifacts during PRFS MR thermometry was compared. The spatial targeting 
accuracy and precision of sonications were assessed based on MR thermometry mea-
surements. The reproducibility of sonications was analyzed by the measurement of the 
temperature evolution over time during several sonications at the same location in the 
tumor. Finally, the temperature increase in the far-field of the HIFU beam was analyzed.

results

In all volunteers and patients, both correction methods improved the precision of the 
temperature measurements compared to the uncorrected data. Both in volunteers and 
patients, the model-based correction method performed significantly better than the 
LUT-based method. In addition, the learning phase of the model-based method was 
shorter than the learning phase of the LUT-based method. The spatial targeting accu-
racy and precision of sonications with the MR-HIFU breast platform were 2.5 mm and 
1.7 mm, respectively. The temperature profiles of three identical sonications were similar 
both in the heating and cooling phase. No temperature increase was observed in the 
far-field imaging slice positioned at the pectoral muscle.

Conclusion

Both the look-up-table based and model-based method improved the precision of MR 
thermometry during HIFU ablation to less than 3  °C, which is accurate for adequate 
temperature monitoring during HIFU ablation. Second, the dedicated MR-HIFU breast 
platform showed a high spatial targeting accuracy and precision (< 3 mm) during tumor 
ablation in breast cancer patients.
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IntrodUCtIon

Breast cancer is the most frequently diagnosed cancer in women worldwide [1]. Over 
the past decades, there has been a transition in local breast cancer treatment from 
extensive surgery (i.e. mastectomy) to breast-conserving therapy (i.e. lumpectomy in 
combination with whole breast irradiation) with survival rates remaining equal [2,3]. 
Nowadays, this transition continues towards non-surgical, minimally invasive thermal 
ablation techniques. Currently available techniques include cryosurgery, radiofrequency 
ablation, laser-induced thermal therapy (LITT), microwave ablation, and high-intensity 
focused ultrasound (HIFU) ablation [4-8]. In contrast to other minimally invasive thermal 
ablation techniques, HIFU is a completely noninvasive technique and can be applied 
with an extracorporeal device that allows for energy deposition in a small region deep 
within the body [9].
Image guidance before and during the ablation procedure and imaging to evaluate 
results afterwards are of critical importance for HIFU ablation to become as successful as 
the current standard treatment. Magnetic resonance imaging (MRI) is currently the most 
sensitive method for the detection, visualization and delineation of an invasive tumor 
in the breast [10]. In addition, MRI allows for real-time in vivo temperature mapping 
and may be used for intraprocedural assessment of the completeness of ablation [11]. 
Furthermore, it is able to monitor inadvertent heating of structures outside the targeted 
area [12].
During the last decades, several groups have shown the potential of using MRI-guided 
high-intensity focused ultrasound (MR-HIFU) for the ablation of breast cancer [13-16]. 
Overall, it was stated that MR-HIFU ablation is a safe and promising technique for 
breast cancer treatment. With the exception of one patient treated by Huber et al., all 
MR-HIFU treatments were performed on a generic HIFU system with the transducer 
sonicating from the table towards the thoracic cage [13-15]. This approach may result 
in significant heating of far-field tissues such as ribs, lungs and heart. In addition, there 
is a considerable risk of skin burns [13,14]. Furthermore, these systems used a point-
by-point ablation method. The point-by-point method is time-consuming and has 
limited efficiency because a large part of the deposited energy is lost by heat diffusion 
[17]. Although previous studies stressed the importance of MR thermometry during 
the ablation procedure, very limited data on thermometry were provided. Huber et al. 
used temperature-sensitive T1-weighted saturation-recovery-turbo FLASH images for 
temperature monitoring [15]. In most studies, however, proton resonance frequency 
shift (PRFS) MR thermometry was used during the ablation procedure [13,14]. This 
technique is based on the temperature dependence of the water proton chemical shift 
[18,19]. During PRFS MR thermometry, respiration-induced magnetic field fluctuations 
can lead to considerable temperature errors [20]. During the respiratory cycle, the 
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changing volume of air inside the lungs leads to a time-varying susceptibility distribu-
tion outside the breast, which induces magnetic field fluctuations that cause artifacts 
in PRFS MR thermometry in the breast. Previous studies on MR-HIFU ablation in breast 
cancer patients did not use correction methods for these respiration-induced artifacts. 
Nevertheless, several methods to resolve these problems have been proposed in the 
literature, such as respiratory-gated, referenceless, and look-up-table (LUT)-based MR 
thermometry methods [21-23].
The work described in this chapter is based on a phase I study that was performed to as-
sess the safety and feasibility of MR-HIFU ablation in breast cancer patients using a novel 
and dedicated MR-HIFU breast platform. Result of this study are described in chapter 8 
of this thesis. In addition, an extensive description of the dedicated breast platform is 
provided in chapter 4. Shortly, the platform consists of a water-filled cup for the targeted 
breast which is surrounded by an arc of ultrasound transducers. The system’s lateral 
sonication approach significantly reduces the risk of far-field heating because less than 
50% of the beam path travels towards the thoracic cage and the distance from the focus 
to the organs at risk in the far-field (i.e., the heart and the lungs) is increased. In addition, 
the energy density at the level of the skin is decreased by the use of a circular wide 
aperture transducer, reducing thereby the probability of skin burns. Finally, a volumetric 
sonication method was used which allows for efficient creation of large thermal lesions 
[17]. During sonications, rapid multi-slice MR thermometry with real-time correction of 
respiration-induced artifacts was employed.
In this chapter, a technical analysis of the performance of the dedicated MR-HIFU breast 
platform during breast tumor ablation is reported. Main points of interest were the 
performance of PRFS MR thermometry and the spatial targeting accuracy and precision 
of the dedicated system.

MEtHods

Mr-HIFU platform

All experiments were performed on a dedicated MR-HIFU breast platform (Sonalleve, 
Philips Healthcare, Vantaa, Finland) integrated with a clinical 1.5T MRI scanner (Achieva, 
Philips Healthcare, Best, the Netherlands). This dedicated HIFU system consists of eight 
separate focused ultrasound modules, each with 32 transducer elements of 6.6-mm 
diameter, which are operated at a nominal frequency of 1.45 MHz. The US modules 
are placed on a 270° circular arc surrounding the breast cup and can be mechanically 
displaced in three directions. The ultrasound transducer and the mechanical displace-
ment device are immersed in a degassed water bath. The system allows for volumetric 
ablation by electronically steering the ultrasound focus along a trajectory composed 



105

Performance analysis of a dedicated breast platform 

of several concentric circles of increasing diameter [17]. MR images are acquired with a 
circular RF receive coil integrated into the HIFU table at the top of the breast cup.

Volunteers and patients

The study was approved by the institutional ethics committee and written informed 
consent was obtained from each patient. Seven healthy female volunteers and ten 
female patients with pathologically proven invasive breast cancer were included. The 
volunteers were conscious during MR thermometry acquisition, whereas the patients 
were under procedural sedation during the complete treatment procedure. Detailed 
characteristics of the ten patients and of the methods of procedural sedation are de-
scribed in chapter 8 of this thesis.

Mr thermometry

Changes in temperature were monitored with MR temperature mapping using the PRFS 
method [24]. This method is based on the temperature-dependent shift of the water 
proton resonance frequency, which can be calculated from phase maps acquired with a 
gradient echo pulse sequence [19]. In this study, segmented echo planar imaging (EPI) 
was used for PRFS-based thermometry with the following parameters: TR/TE 70/30 ms; 
flip angle 20°; EPI-factor 23, 4 stacks (1 slice/stack); acquired voxel size 1.67 x 1.67 x 5.0 
mm3; dynamic scan duration 2.25 s, matrix size 96 x 92, composite RF pulse fat sup-
pression (ProSet). Three slices were automatically placed as follows: one coronal slice 
through the focal point, one sagittal slice through the focal point, and one coronal slice 
9.5 mm below the focal point (i.e., in the near-field area). The fourth slice was manually 
positioned at the pectoral muscle (i.e., in the far-field area). The imaging parameters 
were optimized for high SNR and dynamic scan time. By subtracting a reference phase 
image at a known baseline temperature from a phase image acquired at temperature T, 
non-temperature-dependent static phase changes can be removed. This allows for the 
calculation of the temperature change from phase images as follows:

ΔT =
φ − φref

α γ B0 TE

φ and φref denote the voxel phase of the current and the reference image, B0 is the main 
magnetic field strength, γ is the gyromagnetic ratio of protons, TE is the echo time, 
and α the temperature dependence of the proton resonance frequency (α = −0.0094 
ppm/°C was used in this study). Voxels with low SNR in the magnitude image leading to 
temperature change standard deviation (σΔT) above 3 °C were masked out in the offline 
analysis using the following equation:
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Sthreshold =
√2σmag

σ∆T ∙ α γ B0 TE

In this formula, Sthreshold is the threshold value of the signal in the magnitude images 
below which the voxels are masked out for analysis, σmag is the temporal standard devia-
tion of the magnitude signal and σΔT is the temporal standard deviation of the change 
in temperature. The (SNR-masked) temperature images were corrected for baseline drift 
by subtracting the average apparent temperature change calculated from all voxels in 
the coronal target region temperature maps that were not masked out by the SNR mask 
and located at a sufficient distance from the ablated trajectory (3 cm from the trajectory 
center) to be considered non-heated.
A problem related to the application of this method in the female breast, is that time-
varying phase changes due to respiration will be present [20]. To correct for this effect, 
two correction methods were evaluated, that will be described in more detail below.

lUt-based correction method

For online correction of breathing-induced magnetic field fluctuations during the 
therapeutic procedure, a LUT-based correction method was used [25]. This correction 
method consists of a learning phase and an intervention phase. In the learning phase, 
reference magnitude and phase images are collected in a LUT over several respiratory 
cycles. The phase in the respiratory cycle is monitored by an MR pencil-beam navigator 
placed across the diaphragm. Each reference image is indexed in the LUT according to its 
phase within the breathing cycle. The position of the navigator is used to determine the 
difference between inhalation and exhalation. If the LUT has been sufficiently densely 
sampled for each of the four slices during both inhalation and exhalation, the learning 
phase will end. More precisely, several criteria have to be fulfilled to allow the switch to 
the intervention phase (Figure 1). First, the navigator displacement should span at least 
a minimum range (6 mm in patients; 3.5 mm in volunteers) in each of the four slices. 
Second, the maximum navigator displacement gap between two consecutive indices 
in the LUT should not exceed 2 mm. To speed up the learning phase, the upper and 
lower 2.5% of the values were discarded to remove outliers (e.g., an outlier caused by 
a one-time deep gasp). Finally, 5% of all gaps between two consecutive indices in the 
LUT were allowed to exceed the maximum gap size. If the navigator displacement of an 
acquired temperature image during the intervention phase did not match the navigator 
displacements in the LUT, two adjacent images in the LUT were linearly interpolated. 
During the intervention phase, a sonication was aborted if the navigator displacement 
was outside the range populated in the LUT for more than three consecutive dynamics 
of one slice.
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Model-based correction method

After treatment, a model-based correction method was applied on the same data sets 
that were used for the online correction, but with the uncorrected images as input. The 
model-based correction method assumes a linear relationship between the phase φ on 
a voxel-by-voxel basis and the diaphragm position measured with the pencil-beam navi-
gator [22]. The temporal temperature standard deviation (SD) was evaluated for each 
new acquired image during the learning phase after applying the model-based correc-
tion. When this standard deviation dropped below a certain threshold (i.e., a value that 
can be set as a parameter in the correction algorithm), the switch to the intervention 
phase is performed. In practice, the temperature model was computed twice each time 
a new image was acquired: first without the new incoming image (case #1) and second 
with the new incoming image (case #2). For each case, the fitting error in a region of 
interest (ROI) was computed over all images (including the new incoming image) of the 
collection. The reduction ratio of the fitting error from case #1 to case #2 was calculated. 
Once the reduction ratio remained below a predefined threshold for a sufficient dura-
tion, the switch from learning phase to intervention phase was performed. In our study, 
this switch was allowed if the reduction ratio was below a threshold value of 5% during 
five subsequent dynamics.

Mr imaging

Dynamic contrast-enhanced (DCE) MR imaging (0.1 ml Gadobutrol/kg body weight 
(Gadovist, Bayer Schering Pharma AG, Berlin, Germany)) was used for treatment plan-
ning (TR/TE 6.6/3.2 ms; flip angle 10°; turbo factor 36; acquisition voxel size 1.12 x 1.12 
x 2.0 mm3; 140 slices; matrix size 304 x 180; SPIR fat suppression; dynamic scan duration 
67.2 s). One dynamic was acquired before, and four dynamics were acquired directly 
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Figure 1. Schematic representation of navigator displacement as function of time. Each reference image 
(black square) is indexed in the LUT according to its phase within the breathing cycle. To allow the switch 
from the learning phase to the intervention phase the navigator displacement should span at least a mini-
mum range (A) and the maximum navigator displacement gap between two consecutive indices in the LUT 
should not exceed a maximum value (B).
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after contrast administration. The dynamic with maximal tumor enhancement was used 
for treatment planning. Fast T1-weighted spoiled gradient echo scans (TR/TE 6.6/3.2 ms; 
flip angle 10°; turbo factor 36, acquisition voxel size 1.12 x 1.12 x 2.0 mm3; 140 slices; 
matrix size 304 x 180; SPIR fat suppression, scan duration 61.3 s) were acquired before 
DCE-MRI and prior to each sonication and compared with one other for the detection of 
gross patient motion.

HIFU ablations

One or more sonications with different acoustic powers (30-100 W) were performed. In 
this study, two different-sized ellipsoidal treatment cells with a largest diameter of 3 or 6 
mm were used. These treatment cells had a fixed duration (i.e. 20 seconds for the 3-mm 
treatment cell and 24.5 seconds for the 6-mm treatment cell).

data analysis

As a measure of MR thermometry performance, the temporal SD in temperature maps was 
calculated before and after applying the two correction methods. In addition, the number 
of dynamics in the learning phase was recorded. To analyze the temporal temperature 
SD, MR thermometry was performed in the absence of sonications. After populating 
the LUT during the learning phase, an additional 50 dynamics were recorded during the 
intervention phase for the analysis of the temporal SD. The same data set (i.e., learning 
and intervention phase) was used offline to analyze the model-based correction method. 
The mean temperature SD spatially averaged over a ROI was reported. In volunteers, this 
ROI was obtained by semi-automatic segmentation of the glandular tissue. In patients, a 
circular ROI (radius = 15 mm) was centered on a treatment cell positioned in the tumor. 
A Mann-Whitney test was used for statistical analysis of differences in the mean tem-
perature SD. A p-value of < 0.05 was considered statistically significant. MR thermometry 
performance analyses were performed for both the coronal and sagittal imaging slice 
through the focal point. In addition, respiration rate and amplitude, both deduced from 
the recorded navigator displacement, were compared between volunteers and patients.
Spatial targeting accuracy and precision of sonications were assessed on the basis 
of information acquired with MR thermometry. For each sonication, the trajectory of 
the center of mass of the heating pattern in the focal area in time was calculated. For 
these analyses, dynamics acquired during sonications were used. The spatial targeting 
accuracy was defined as the distance between the mean center of mass of the spatial 
heating pattern and the planned treatment position. The precision was defined as the 
standard deviation of the distribution of the absolute distances between the center of 
mass in time and the time-averaged center of mass. Accuracy and precision analyses 
were performed for both the coronal and sagittal imaging slice through the focal point. 
The reproducibility of the temperature increase was analyzed by comparing successive 
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sonications at the same location. For each sonication, the temperature development in 
the hottest pixels and the 8 surrounding neighbor pixels were analyzed as function of 
time. To evaluate the possible temperature increase of structures in the far-field during 
tumor ablation, the temperature evolution in the far-field slice (i.e., the temperature 
slice positioned at the pectoral muscle) was evaluated.

rEsUlts

overview of performed analyses

In each of the seven volunteers, three PRFS data sets without heating were acquired and 
analyzed for the performance analysis of the PRFS MR thermometry. In seven patients, 
one to three PRFS data sets without heating were acquired. Due to time constraints 
during treatment, PRFS data sets without heating could not be acquired in all patients.
The spatial targeting accuracy and precision could be analyzed in sonications performed 
in five patients. In Table 3 of chapter 8, an overview of the performed sonications in all 
ten patients is provided. In the first three patients, the quality of MR thermometry was 
too low to perform the analyses. In patient seven, no PRFS MR thermometry data were 
acquired because the sonications were mainly located in the adipose tissue ventral of 
the tumor. In the ninth patient, the MR thermometry slice was not accurately positioned 
in the focal point. More details about this are provided in chapter 8 of this thesis. Table 
1 provides an overview of the number of PRFS data sets and the number of sonications 
which could be analyzed.

table 1. An overview of PRFS data sets and sonications. The middle column of the table provides an over-
view of the number of PRFS data sets that were acquired without heating and could be used for the per-
formance analysis of the PRFS MR thermometry. The right column provides an overview of the number of 
performed sonications which could be used for the analysis of the spatial targeting accuracy and precision.

Patient number of PrFs data sets
for PrFs performance analysis

number of sonications
for accuracy and precision analysis

1 1 0

2 1 0

3 0 0

4 3 4 (1x40W, 3x50W)

5 0 4 (1x30W, 2x50W, 1x60W)

6 1 5 (1x30W, 1x60W, 1x60W,2x70W)

7 0 0

8 1 6 (1x30W, 2x60W,3x80W)

9 2 0

10 2 3 (1x40W,2x80W)
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lUt-based and model-based correction method

For all volunteers and patients, the application of the LUT-based correction method 
significantly improved the precision of the MR thermometry compared to the uncor-
rected data. In volunteers, the mean temperature SD decreased from 3.6 °C to 2.1 °C for 
the coronal slice and from 4.7 °C to 2.4 °C for the sagittal slice through the focal point. In 
patients, the mean temperature SD decreased from 8.0 °C to 2.9 °C for the coronal slice 
and from 8.3 °C to 2.9 °C for the sagittal slice.
After applying the model-based correction method to the uncorrected temperature 
data, the mean temperature SD was reduced to 1.4  °C and 1.5  °C in volunteers and 
to 2.7 °C and 2.6 °C in patients, for the coronal and sagittal slice, respectively. Both in 
volunteers and patients, the model-based correction method performed significantly 
better than the LUT-based method. Figure 2 shows the mean temperature SD’s that were 
calculated to analyze the performance of the correction methods.
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Figure 2. Mean temperature SD’s of uncorrected temperature data, LUT-based corrected temperature data 
and model-based corrected temperature data for volunteers (a) and patients (b).

In volunteers, the average number of images required to complete the learning phase 
was 67 (2.5 minutes) and 22 (0.8 minutes) for the LUT-based and model-based correction 
method, respectively. In patients, a similar difference was observed except for two cases 
where about 8 times more dynamics were necessary to fill the LUT. Overall, the respira-
tion rate was significantly increased in sedated patients (10.9 ± 2.0 breaths per minute) 
compared to volunteers (7.0 ± 1.9 breaths per minute). In contrast, the average range 
of the navigator displacement was significantly lower in patients than in volunteers (6.6 
± 1.6 mm versus 15.3 ± 7.7 mm peak-to-peak). Patient one and two, who received a 
suboptimal sedation protocol, were excluded for these analyses because motion-related 
peaks (e.g., patient motion or a deep gasp) were observed. In addition, the range of 
the navigator displacement changed over time. Figure 3 shows some examples of the 
displacement of the navigator position.
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spatial targeting accuracy and precision

Table 2 summarizes the results of the spatial targeting accuracy and precision. The mean 
accuracy was 2.5 mm in the coronal as well as in the sagittal slice. The mean precision 
was 1.5 mm and 2.0 mm in the coronal and sagittal slice, respectively. The accuracy and 
precision of the sonications of the MR-HIFU breast platform in patients were comparable 
to the accuracy and precision of sonications in a homogenous agar gel phantom. In a 
phantom, the mean accuracy of three sonications was 2.4 ± 1.6 mm in the coronal and 
2.8 ± 0.3 mm in the sagittal slice. The mean precision was 1.2 ± 0.01 mm in the coronal 
and 1.8 ± 0.05 mm in the sagittal slice, respectively. Figure 4 shows the trajectories of the 
center of mass of temperature increase during sonications.

table 2. Spatial targeting accuracy and precision.

Patient accuracy in mm (mean ± sd) Precision in mm (mean ± sd)

Coronal sagittal Coronal sagittal

4 2.1 ± 0.8 1.4 ± 0.7 0.7 ± 0.2 1.1 ± 0.5

5 2.8 ± 1.3 0.8 ± 0.3 2.4 ± 2.0 2.1 ± 0.7

6 1.6 ± 0.5 2.8 ± 0.8 1.2 ± 0.5 2.4 ± 1.0

8 2.7 ± 1.2 2.9 ± 0.5 1.0 ± 0.3 1.2 ± 0.7

10 3.1 ± 0.3 4.6 ± 2.2 2.1 ± 0.4 3.1 ± 0.3

Mean 2.5 ± 0.8 2.5 ± 0.9 1.5 ± 0.7 2.0 ± 0.6

reproducibility

Figure 5a shows the temperature evolution in time of three identical sonications (i.e., 
with an acoustic power of 50 W and a duration of 24.5 seconds) performed at the 
same location in the breast tumor. The temperature profiles of all three sonications are 
closely overlapping both during the heating and the cooling phase. Figure 5b shows 
the temperature evolution over time of four sonications with different acoustic powers 
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Figure 3. The navigator displacements as function of time for volunteer six (a), patient one (b), and pa-
tient four (c). When comparing figure a and c, it can be observed that the respiration rate was significantly 
increased in sedated patients compared to volunteers. In contrast, the average range of the navigator dis-
placement was significantly lower in patients. Figure b shows that suboptimal sedation leads to a wide 
range of the navigator displacement in time.
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performed at the same location in the breast tumor. The maximum temperature reached 
was three degrees higher in the 70 Watt sonications compared to the 50 and 60 W soni-
cation (52 °C versus 49 °C).

Far-field safety

The minimal distance between tumor and pectoral muscle ranged between 0.5 cm and 
6 cm. In none of the patients, a temperature increase related to tumor ablation was ob-
served in the thermometry slice positioned on the pectoral muscle. Respiration-induced 
temperature errors, however, were more pronounced in this imaging slice compared to 
the coronal imaging slice through the focal point.
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Figure 4. The trajectories of three consecutive sonications at one position in the breast tumor in patient 
four (a) and the trajectories of three sonications at different positions in the breast tumor in patient five (b).
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Figure 5. The temperature evolution over time of three identical sonications in patient four (a) and the 
temperature evolution over time of four sonications with different acoustic powers in patient six (b).
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dIsCUssIon

The aim of the present study was to evaluate the performance of a dedicated MR-HIFU 
breast platform and rapid multi-slice PRFS MR thermometry with real-time correction of 
respiration-induced artifacts during tumor ablation in breast cancer patients. Our results 
show that both correction methods accomplish an improvement in the precision of MR 
thermometry. This is the first study assessing temperatures during HIFU ablation using a 
real-time correction method for PRFS thermometry. In addition, the dedicated platform 
showed a high spatial targeting accuracy and precision of 2.5 mm and 1.7 mm, respec-
tively. While designing the dedicated breast system, it was anticipated that the large 
aperture of the transducer might cause focal aberrations that would make it necessary 
to implement a refocusing algorithm [12]. Even though the breast is a heterogeneous 
acoustic environment, the spatial targeting accuracy and precision measured in patients 
did not differ considerably from the accuracy and precision in a homogeneous agar 
phantom.
In our study, the mean temperature SD of the uncorrected temperature data was ap-
proximately 4 °C in volunteers and 8 °C in patients. Both values are considerably lower 
than the temperature error of 13 °C in volunteers which have been reported by Peters et 
al. [20]. A drawback of this study is that the uncorrected temperature data of volunteers 
and patients cannot be directly compared with one another, because the methods used 
for the analyses were different. In volunteers, the ROI was obtained by semi-automatic 
segmentation of the glandular tissue, whereas in patients, a circular ROI centered on 
the treatment cell position was used. One may expect differences in the temperature 
SD between volunteers and patients because of the differences in breathing pattern 
between free breathing patients and patients under procedural sedation. The shal-
low breathing pattern in patients, which was demonstrated by the small range of the 
navigator displacement, is expected to give less temperature errors than a wide-range 
breathing pattern. Conversely, our results show a lower temperature SD in volunteers. 
Due to differences in the methods of the analyses, however, this can be the result of a 
different SNR or a different number of pixels per ROI which was analyzed. Therefore, our 
results have to be solely evaluated for the performance of the correction methods. A 
decrease in the mean temperature SD of 4.2 °C to 2.3 °C (LUT-based) and 1.5 °C (model-
based) was reached in volunteers. In patients, the mean temperature SD decreased from 
8.2 °C to 2.9 °C (LUT-based) and 2.7 °C (model-based). Both in volunteers and patients, 
the model-based correction method performed significantly better than the LUT-based 
method. In addition, the learning phase of the model-based method was shorter than 
the learning phase of the LUT-based method.
Depending on the regularity of the breathing pattern (both in terms of frequency and 
amplitude), the learning phase of the model-based approach was up to 3 times shorter. 
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As the learning phase has currently to be repeated prior to each sonication, shortening 
of the learning phase will significantly reduce the duration of the treatment procedure. 
The number of required dynamics to switch from the learning phase to the intervention 
phase will strongly depend on the choice of the switch criteria of the LUT-based correc-
tion method. An optimization of these criteria, however, was beyond the scope of this 
study. Other correction methods such as respiratory-gated and referenceless MR ther-
mometry are in our opinion less suited for this specific application. Respiratory-gated 
MR thermometry has a low temporal resolution, which is unfavorable for measuring the 
fast temperature changes during high temperature ablations [23]. The referenceless 
method requires non-heated glandular tissue in the same imaging slice that monitors 
the ablation to estimate the background phase [21]. In most of our patients, however, 
we observed that the surrounding breast tissue mostly consists of adipose tissue.
PRFS MR thermometry has some disadvantages for temperature measurements in the 
breast. First, it is not able to measure temperatures in the adipose breast tissue. Therefore, 
it is important to develop MR thermometry methods which quantify the temperature 
changes in the fat. Examples are methods based on temperature-dependent changes 
of the T1 or T2 relaxation times of adipose tissue [26,27]. In addition, hybrid methods 
which combine the PRF and T1-based method are presented, allowing for simultaneous 
measurement of the temperature in both aqueous and adipose tissues [28,29]. Next 
to the disability of PRFS to measure the temperature in adipose tissue, heat-induced 
susceptibility changes of fat may hamper PRFS-based MR thermometry and may lead 
to significant temperature errors [30-32]. Finally, PRFS MR thermometry is only able to 
measure relative temperatures. In this study, the baseline temperature inside the breast 
was assumed to be 37 °C. However, this temperature may be an overestimation of the 
actual temperature because the temperature in the breast may be lower than the core 
body temperature due to its peripheral location and the cold water in the breast cup 
during HIFU treatment.
Our results show that both the LUT-based and model-based method improved the 
precision of MR thermometry during HIFU ablation to less than 3 °C, which is accurate 
for adequate temperature monitoring during HIFU ablation. Second, the dedicated MR-
HIFU breast platform showed a high spatial targeting accuracy and precision (< 3 mm) 
during tumor ablation in breast cancer patients.
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Image-guided breast cancer ablation

With great interest we have read the article by Zhou et al. on the feasibility and efficacy 
of ultrasound-guided percutaneous microwave coagulation of small breast cancers [1]. 
Over the past decade, various techniques of image-guided ablation for breast cancer 
treatment have been studied, including radiofrequency ablation (RFA), microwave abla-
tion and high-intensity focused ultrasound (HIFU) ablation [2-4]. Like Zhou et al., most 
studies were performed in a small study population and concluded that the investigated 
technique was safe and feasible. Nevertheless, none of these techniques is currently 
used in clinical practice for breast cancer treatment. In our opinion, the following issues 
should be addressed in future studies on image-guided breast cancer treatment. The 
first step is an accurate patient selection. In Zhou’s article, both patients with ductal 
carcinoma in situ (DCIS) and invasive ductal carcinoma were included. However, the 
presence of extensive DCIS is associated with more extended tumor spread within the 
breast [5]. Hence, patients with DCIS should not be selected for image-guided ablation. 
Second, a margin of healthy tissue (5-10 mm) surrounding the tumor has to be ab-
lated to increase the likelihood of complete tumor destruction. In Zhou’s manuscript, a 
definition of treatment margins is lacking. Finally, the most accurate imaging technique 
should be used to guide the treatment procedure. In many studies, ultrasound is used 
for tumor delineation and targeting. However, ultrasound beams are reflected by gas 
formation during ablation, which hampers the delineation of ablated from viable tumor 
tissue. MRI seems the most appropriate imaging technique to guide breast tumor abla-
tion. It has been proven to be the most sensitive imaging modality for tumor detection 
and delineation within the breast [6]. In addition, MRI is the only imaging technique 
which allows noninvasive temperature mapping during ablation [4]. Furthermore, it can 
be used to predict tissue damage after ablation, since necrosis is typically visualized as 
non-perfused volume after contrast administration [4]. If image-guided therapy wants 
to compete with surgical excision of breast cancer, future studies should not solely focus 
on the feasibility of novel ablation techniques. Imaging studies should address accurate 
patient selection, definition of treatment margins, and accuracy of MRI for monitoring 
and evaluation of the ablation procedure.
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aBstraCt

Purpose

To assess the safety and feasibility of MRI-guided high-intensity focused ultrasound (MR-
HIFU) ablation in breast cancer patients using a novel and dedicated platform.

Materials and Methods

Patients with invasive breast cancer underwent partial tumor ablation prior to surgi-
cal resection. MR-HIFU ablation was performed on an MR-HIFU system designed for 
breast ablation using a lateral and volumetric sonication technique. The platform was 
integrated into a clinical 1.5T MRI scanner. MR thermometry was performed using the 
proton resonance frequency method with a look-up-table-based correction for respi-
ration-induced field disturbances during the sonications. During treatment, patients 
were under procedural sedation. Monitoring of adverse events was done until patients 
underwent surgical resection. After MR-HIFU ablation, contrast-enhanced imaging was 
performed. The size of the area that reached a temperature > 55 °C was determined. The 
presence and size of tumor necrosis was assessed at histopathology.

results

Ten female patients with histopathologically proven invasive breast cancer underwent 
MR-HIFU treatment. No major adverse events were observed. The overall duration of the 
MR-HIFU procedure was 145 ± 29 minutes. Directly after MR-HIFU ablation, no non-per-
fused volumes were visible on contrast-enhanced MRI. The maximum temperature was 
50.6 ± 6.0 °C and showed a high inter-patient variability. In all patients with adequate 
heating (> 55 °C) inside the tumor, H&E staining showed area(s) of tumor necrosis. The 
largest diameter of the area with tumor necrosis varied between 3 and 11 mm and was 
related to the length and number of the performed sonications. The number of loca-
tions where sonications were performed showed a good correlation with the number of 
area(s) with tumor necrosis.

Conclusions

MR-HIFU ablation in breast cancer patients with the dedicated MR-HIFU breast platform 
is safe and feasible.
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IntrodUCtIon

Breast cancer is the most common malignancy among women throughout the world 
[1]. The disease is nowadays frequently diagnosed in an early stage because of mam-
mographic screening programs and improved awareness [2]. Over the past decades, 
breast cancer treatment has changed towards less invasive local treatment. Breast-
conserving therapy (BCT), i.e., lumpectomy with additional radiotherapy, is currently 
standard of care in patients with early-stage breast cancer and has shown equal survival 
rates compared to patients undergoing radical mastectomy [3,4]. The development of 
minimally invasive techniques holds promise for replacing lumpectomy by local breast 
tumor ablation in patients with early-stage breast cancer, for example by cryoablation, 
radiofrequency ablation, or microwave ablation [5-7]. All these techniques, however, 
require percutaneous insertion of a probe into the breast tumor. High-intensity focused 
ultrasound (HIFU) is a completely noninvasive technique which makes use of extracor-
poreal transducers to focus energy for thermal ablation in a target volume deep within 
the body [8].
Imaging during minimally invasive treatment is crucial to localize the target area and to 
monitor the treatment procedure. Cline et al. proved the feasibility of using magnetic 
resonance imaging (MRI) to guide HIFU by integrating a focused ultrasound system 
into an MRI scanner [9]. MRI offers excellent anatomical imaging for treatment planning 
with the definition of the target volume and organs at risk, is able to provide real-time 
temperature monitoring during therapy, and results may be evaluated directly after 
treatment [10,11]. In 2001, Huber et al. described the first MR-HIFU treatment in a pa-
tient with breast cancer [12]. Hereafter, several groups reported on MR-HIFU ablation of 
malignant breast tumors before patients underwent surgical resection [13-16]. Overall, 
authors conclude that it is safe and technically feasible to perform MR-HIFU ablation 
of breast cancer. Complete tumor necrosis, however, was achieved in only 20-50% of 
patients, whereas complete tumor ablation has to be ensured before surgical resection 
can be omitted. In these previous studies, treatments were performed using HIFU sys-
tems initially developed for the treatment of uterine fibroids. In the current study, a new 
and dedicated MR-HIFU breast platform was used, which has some potential benefits 
over previous systems [17]. The focused ultrasound transducers are positioned around 
a breast cup and target the breast laterally, reducing the risk of unintended heating of 
heart and lungs in the far field of the ultrasound beams. In addition, the 256 transducer 
elements are located on eight panels distributed over a 270° circular arc, resulting in 
a wide aperture that reduces the local energy density on the skin during ablation. MR 
thermometry was performed using the proton resonance frequency (PRFS) method with 
a look-up-table-based correction of respiration-induced field disturbances during the 
sonications. In this study, we report the first experiences in breast cancer patients with 
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the newly developed and dedicated MR-HIFU breast platform. The aim of the current 
study was to assess the safety and feasibility of tumor ablation in breast cancer patients 
using the dedicated system.

MatErIals and MEtHods

Patients

The study protocol was approved by the institutional review board of the University 
Medical Center Utrecht and written informed consent was obtained from all patients. 
Patients were included between September 2012 and June 2014. Inclusion criteria were 
as follows: women aged > 18 years; WHO performance status ≤ 2; body weight ≤ 80 kilo; 
clinically staged T1 or T2 invasive breast cancer, confirmed by histopathology. Exclusion 
criteria were: neo-adjuvant systemic therapy; (relative) contra-indications for MRI; macro 
calcifications, scar tissue or surgical clips in the direct path of the ultrasound beams.
All patients underwent an MRI examination on a 3T clinical MR scanner (Achieva, Philips 
Healthcare, Best, the Netherlands) to assess eligibility for MR-HIFU ablation. Additional 
criteria as determined on the pre-treatment MRI were: tumor size on MRI ≥ 1.0 cm; 
tumor location within the reach of the HIFU transducers measured with the patient 
in prone position during MR imaging; distance from the skin and the pectoral muscle 
to the center of the planned sonications ≥ 1.0 cm. This last criteria was established to 
reduce the risk of skin burns or damage to the pectoral muscle.

dedicated Mr-HIFU breast platform

MR-HIFU ablation was performed using a dedicated MR-HIFU breast platform (Sonal-
leve, Philips Healthcare, Vantaa, Finland) which was integrated into a 1.5T MR scanner 
(Achieva, Philips Healthcare, Best, the Netherlands) (Figure 1). The details of the system 
have been previously described in detail [17]. During MR-HIFU treatment, patients were 
placed in prone position on the HIFU table top with the targeted breast in the water-
filled breast cup. Eight 32-element transducers are circumferentially positioned around 
the breast cup, allowing for lateral sonication of the breast. The breast platform employs 
a volumetric ablation method [18].

Mr-HIFU treatment

Procedural sedation
Patients arrived in the clinic in a fasting state and were under procedural sedation 
during MR-HIFU treatment. A team of procedural sedation and analgesia specialists 
monitored the cardiorespiratory function and administered sedative agents and anal-
gesics intravenously. In the first two patients, procedural sedation was maintained using 
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continuous propofol infusion. An additional opioid analgesic was given prior to each 
sonication. Due to patient motion and changes in the breathing pattern during these 
first two treatments, a combination of propofol and esketamine was used for procedural 
sedation during all other treatments.

MR imaging
Figure 2 shows a schematic overview of the procedures and MR imaging sequences 
during MR-HIFU treatment. Treatment planning was performed based on the enhance-
ment of the breast tumor during dynamic contrast-enhanced (DCE), fat-suppressed MR 
imaging (dynamic scan time 67.2 seconds; TR/TE 6.6/3.2 ms; flip angle 10°; acquisition 
voxel size 1.12 x 1.12 x 2.0 mm3; 140 slices; matrix size 304 x 180; SPIR fat suppres-
sion). One dynamic was acquired before, and four dynamics were acquired directly after 
contrast administration of a gadolinium-based contrast agent (0.1 ml Gadobutrol/kg 
body weight (Gadovist, Bayer Schering Pharma AG, Berlin, Germany)). Because the risks 
associated with the heating of gadolinium-based MR contrast agents inside the patient’s 
body are currently unknown, a waiting time of 30 minutes was maintained after contrast 

a b
Figure 1. The dedicated breast platform in front of the 1.5T MRI scanner (a) and a close-up of the breast cup 
with the surrounding eight ultrasound transducers (b).
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injection. Just before performing a sonication, a T1-weighted sequence was performed 
with a scan duration of 61.3 seconds (TR/TE 6.6/3.2 ms; flip angle 10°; acquisition voxel 
size = 1.12 x 1.12 x 2.0 mm3; 140 slices, matrix size 304 x 180; SPIR fat suppression). 
These images were compared to T1-weighted images acquired at the beginning of the 
procedure. In this way, it was verified if the patient had moved during the interven-
ing period. During MR-HIFU ablation, PRFS MR thermometry was employed using an 
echo planar imaging (EPI) pulse sequence with the following parameter settings: TR/
TE 70/30 ms; flip angle 20°; acquisition voxel size 1.67 x 1.67 x 5.0 mm3; 4 slices; matrix 
size 96 x 92; composite RF pulse fat suppression (ProSet). Four planes were monitored 
with a temporal resolution of 2.3 seconds: two slices through the focal point (coronal 
and sagittal), one near-field slice, i.e., a coronal slice positioned 9.5 mm anterior of the 
focal point, and one far-field slice, i.e., a slice manually positioned at the pectoral muscle. 
A look-up-table (LUT)-based correction method was used to correct errors in the MR 
temperature maps caused by respiration-induced magnetic field fluctuations [19]. The 
position of the diaphragm was measured with a pencil-beam navigator echo technique 

survey 

PRFS MR 
thermometry 

T1-weigthed 

contrast-enhanced 

T1-weighted 

PRFS MR 
thermometry 

contrast-enhanced 

verify position of 
the breast 

target definition and 
treatment planning 

verify patient 
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temperature evolution 
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evaluation of 
treatment results 
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patient positioning 
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Figure 2. A schematic overview of the flowchart of procedures during MR-HIFU treatment.
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and used to monitor the respiratory cycle. During the learning phase, reference phase 
maps acquired at different phases of the respiratory cycle were gathered in the LUT 
and used to correct respiration-induced magnetic field fluctuations during sonications. 
Relative temperature maps were calculated online and overlaid onto T1-weighted, 
fat-suppressed magnitude images. In patient three to ten, 160 mg/l MnCl2∙4H2O was 
added to the water in the breast cup to shorten the high T2 signal of the water dur-
ing MR thermometry and to prevent ghosting artifacts. The same DCE-MR sequence 
as described above was repeated directly after MR-HIFU ablation for the evaluation of 
treatment results.

High-intensity focused ultrasound ablation
In this study, partial tumor ablation was performed to allow for histological analysis of 
viable versus ablated tumor tissue. A test sonication was performed before each set of 
therapeutic sonications in a different coronal plane to verify the focal spot position and 
correct for potential spatial misalignment. Test sonications were performed with a 3-mm 
treatment cell and a low (20-40 Watt) acoustic power. All sonications were performed 
with a frequency of 1.45 MHz. The applied acoustic powers of therapeutic sonications 
varied between 50 and 100 Watt. The treatment cells, i.e., the differently sized volumes 
that may be used for ablation, had an ellipsoidal shape, a diameter of 3 x 2 x 2 mm3 or 6 
x 4 x 4 mm3, and a sonication duration of 20 or 24.5 seconds, respectively. Each sonica-
tion was followed by a period of cooling to allow the tissue surrounding the tumor to 
decrease towards body temperature [20]. Sonications were aborted when excessive 
heating (i.e., temperature ≥ 80 °C) was observed in the MR temperature maps. Note that 
such observed temperature elevations are not necessarily real, since the occurrence 
of susceptibility artifacts (due to breathing or gross patient motion) may also cause 
measurement of excessive temperatures, and thus lead to the abortion of sonications.

after Mr-HIFU treatment

After MR-HIFU treatment, patients were admitted to a clinical ward for a minimum of 
3 hours to ensure stable hemodynamic function. Surgery was performed between 48 
hours and one week after the MR-HIFU procedure. Clinical management of the axilla was 
performed according to standard clinical guidelines by a sentinel lymph node biopsy 
(SNLB) or axillary lymph node dissection [21]. If a SNLB was indicated, the radioactive 
colloid was injected around the tumor prior to surgery as in routine clinical care. After 
surgical resection, tissue was submerged in formalin for histological analyses. Tumors 
were dissected into slices of approximately 5 mm. Microscopic sections of 4 μm were cut 
and stained with hematoxylin & eosin (H&E) and cytokeratin 8/18.
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safety and feasibility

After MR-HIFU treatment, the skin of the treated breast was carefully evaluated by a 
physician for the presence of redness or skin burns. Patients were asked to report pain 
scores according to the numerical rating scale, with a score of 0 (no pain) to 10 (worst 
pain imaginable) [22]. Monitoring of adverse events was done until surgery. A radiologist 
compared the most enhancing DCE-MR images prior to MR-HIFU ablation to the most 
enhancing DCE-MR images directly after MR-HIFU ablation to assess the potential pres-
ence and size of non-perfused volumes (NPVs). The size (largest diameter) and surface 
of the areas that reached a temperature > 55 °C based on MR thermometry data were 
calculated using Matlab (Mathworks, Natick, Massachusetts, USA). For this analysis, the 
coronal imaging slice through the focal point was used. The maximum temperature was 
determined based on the median temperatures measured within a circular ROI (radius 
= 15 mm), which was centered on the position of the treatment cell during different 
sonications. A dedicated breast pathologist evaluated the presence and the size of the 
areas with tumor necrosis. The areas were manually delineated using Aperio Image-
Scope (Leica Microsystems, Rijswijk, the Netherlands).

rEsUlts

Patients

Seventeen patients were initially enrolled in the study. Seven patients were excluded 
or withdrew from the study after the first MRI scan. Finally, ten patients underwent 
MR-HIFU treatment. Table 1 lists the demographic data of these patients. The mean age 
of patients was 54.8 years. Eight patients had an invasive ductal carcinoma and two 
patients had an invasive lobular carcinoma. Eight patients underwent a lumpectomy, 
one patient underwent a mastectomy and one patient refused to undergo surgery after 
MR-HIFU treatment. No problems were encountered with the visualization of the first 
draining lymph node during the sentinel lymph nodes procedures.

Mr-HIFU treatment

The overall duration of the MR-HIFU procedure was 145 ± 29 minutes. Table 2 shows an 
overview of the treatment time distribution. The treatment time, i.e., the time from the 
start of the first sonication until the end of the last sonication, was 46 ± 17 minutes. The 
actual sonication time, i.e., the period with the transducers sonicating, was 1.7 ± 0.8 min-
utes. The average time between subsequent sonications was 12 ± 5 minutes (4-27). In 
Table 3, an overview of the performed sonications per individual patient is displayed. In 
the first and third patient, one therapeutic sonication was performed. These sonications 
were both aborted in an early phase due to the measurements of excessive temperatures 
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which were caused by patient motion or a change in the patients’ breathing pattern. In 
the second patient, three out of four therapeutic sonications were aborted (at 60.8%, 
90.2%, and 98.5% of the full sonication length). In patients four to ten, a number of 
full-length sonications could be performed without abortion of sonications. In patient 
seven, the sonications were mainly located in the adipose tissue ventral of the breast 
tumor because the tumor was just outside the reach of the HIFU transducers. In the 
ninth patient, the MR thermometry slice was not accurately positioned in the focal point 
because of a wrong misalignment correction. This resulted in temperature measure-
ments in two beams anterior of the actual focal point.

table 1. Baseline characteristics of patients who underwent MR-HIFU treatment.

Patients n (%)

Number of patients 10

Age in years, mean ± SD 54.8 ± 12.5

treated tumors

Tumors in right breast 6 (60.0)

Tumor location

Upper outer quadrant 3 (30.0)

Lower outer quadrant 5 (50.0)

Upper inner quadrant 2 (20.0)

Lower inner quadrant 0 (0.0)

Interval between HIFU and surgery

Time in days, mean ± SD 5.0 ± 2.2

type of surgery

Lumpectomy 8 (80.0)

Mastectomy 1 (10.0)

No surgery 1 (10.0)

axilla

Sentinel lymph node procedure 8 (80.0)

Axillary dissection 1 (10.0)

No axillary procedure 1 (10.0)

Pathology

Tumor size in mm, mean ± SD 20.0 ± 5.6*

Type carcinoma

Invasive ductal carcinoma 8 (80.0)

Invasive lobular carcinoma 2 (20.0)

*Analyzed without the patient who refused surgery
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safety

In none of the patients, skin redness, skin burns or other signs of skin damage were 
observed. Patient seven developed three small, white lumps of 0.5 to 1.5 cm in size in 
the days after MR-HIFU ablation, located just underneath the skin of the treated breast. 
Histopathological analysis of a biopsy of one these lumps showed no signs of abnormal 
tissue and over time, the lumps resolved without further intervention. Other minor ad-
verse events were nausea and vomiting (in two patients) in the hours after the MR-HIFU 
procedure. These minor events were probably related to the administered anesthetics. A 
few hours after treatment, eight patients reported no pain (pain score 0), the two other 
patients reported a pain score of 4 and 5 (on a scale of 0 - 10).

table 3. Overview of sonications in all patients during MR-HIFU treatment.

Patient sonication size (mm) Power (W) duration (s) Max
temp (˚C)

temp > 55 °C
size (mm) / surface (mm2)

1 1 (test) 3 30 8.5* NA# NA#

2 6 100 8.6*

2 1 (test) 3 30 16.1* NA# NA#

2 3 70 19.7*

3 (test) 3 30 12.3*

4 6 60 14.9*

5 6 50 24.6

6 6 70 22.1*

3 1 (test) 3 40 12.9* 56.5 10 x 7 / 50

2 6 70 16.8* 53.5 3 x 3 / 11

4 1 (test) 3 40 20.2 56.8 5 x 5 / 25

2 6 50 24.6 58.1 3 x 2/ 6

3 6 50 24.6 58.0 7 x 5 / 20

4 6 50 24.6 59.1

table 2 . Time distribution of MR-HIFU treatment.

stage of procedure time in minutes, mean ± sd (range)

Positioning on treatment table
(including MR imaging until contrast injection)

25 ± 10 (5-39)

Pre-treatment imaging from contrast injection to the first 
(test) sonication

59 ± 27 (32-106)

Treatment time (from first to last sonication) 46 ± 17 (12-75)

Post-treatment imaging after the last sonication 14 ± 3 (7-19)

Overall procedure time 145 ± 29 (96-210)

Overall sonication time 1.7 ± 0.8 (0.3-2.6)
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table 3. Overview of sonications in all patients during MR-HIFU treatment. (continued)

Patient sonication size (mm) Power (W) duration (s) Max
temp (˚C)

temp > 55 °C
size (mm) / surface (mm2)

5 1 (test) 3 40 20.0 NA^ NA^

2 (test) 3 40 20.0 NA^ NA^

3 (test) 3 40 20.0 57.8 8 x 7 / 56

4 (test) 3 30 20.0 50.3 no

5 6 50 24.5 60.4 15 x 12 / 142

6 6 60 23.2* 57.4 12 x 10 / 86

7 6 50 24.5 54.9 8 x 7 / 53

6 1 (test) 3 30 20.1 45.8 no

2 6 50 24.6 49.3 no

3 6 60 24.6 49.2 no

4 6 70 24.6 51.8 no

5 6 70 24.6 51.6 no

7 1 (test) 3 30 20.1 NA& NA&

2 3 50 20.1

3 6 70 24.6

4 6 90 24.6

8 1 (test) 3 30 20.1 43.2 no

2 6 60 24.6 48.2 no

3 6 80 24.6 50.3 no

4 6 60 24.6 47.2 no

5 6 80 24.6 51.4 5 x 7 / 28

6 6 80 24.6 54.9 5 x 2 / 11

9 1 (test) 3 40 20.1 41.9 no

 2 6 60 24.6 42.7 no 

 3 6 80 24.6 43.5 no 

 4 6 80 24.6 41.5 no 

 5 (test) 3 40 20.1 41.7 no 

 6 6 80 24.6 46.6 no 

10 1 (test) 3 30 20.1 43.9 no

 2 (test) 3 40 20.1 45.7 no 

 3 (test) 3 40 20.1 43.7 no 

 4 6 80 24.6 53.6 no 

 5 6 80 24.6 58.4 7 x 7 / 39 

NA = not available
* Sonication is prematurely ended due to incorrect excessive heating abort.
# The quality of the thermometry data was too low for any valid temperature estimates.
^ During the first two sonications in patient five, the fat signal was not suppressed during RPFS thermometry. No 
valid thermometry data were acquired.
& In patient seven, sonications were mainly located in the adipose tissue ventral of the tumor and no valid ther-
mometry data were acquired.
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treatment results

No differences were observed between contrast-enhanced MRI before and after MR-
HIFU ablation. In patients in whom accurate thermometry data were acquired, the aver-
age maximum temperature of all sonications was 50.6 ± 6.0 °C (range 41.5 - 60.4 °C). 
The peak temperature did depend on the applied acoustic power within an individual 
patient, e.g., for increasing powers, higher maximum temperatures were observed. For 
example in patient eight, the maximum temperature was 43.2, 48.2 and 50.3 °C for soni-
cations with an acoustic power of 30, 60 and 80 Watt, respectively. Between patients, 
however, different acoustic powers were required to reach the same increase in tem-
perature. For example in patient four, the maximum temperature was nearly 60 °C for 
a 50 Watt sonication, whereas in patient eight the maximum temperature reached not 
even 55 °C during a 80 Watt sonication. In patient six, no areas with temperatures > 55 °C 
were observed. In this patient, the coronal MR thermometry slice was not adequately 
positioned through the focal point. This was confirmed by the presence of an area of 
8 mm by 3 mm with a temperature > 55 °C on the sagittal MR thermometry images. In 
patient nine, the MR thermometry slice was also not accurately positioned in the fo-
cal point. Consequently, a mild temperature increase was measured with a maximum 
temperature of 46.6 °C during a 80 Watt sonication, whereas no temperature data were 
acquired of the temperatures in the actual focal point.

Figure 3. Magnitude images overlaid with MR thermometry data during the seventh sonication in patient 
five. Figures a-d show the coronal images through the focal point and figures e-h show the sagittal images 
through the focal point.

Histopathology
In patient one, seven, and nine, no tumor necrosis was observed at histopathology. This 
can be explained by the following reasons. In patient one, both sonications were aborted 
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shortly after the start. Therefore, the applied thermal dose was too low to cause any 
thermal damage. In patient seven, the sonications were mainly located in the adipose 
tissue ventral of the tumor. No necrosis was observed inside the tumor, however, fat cell 
necrosis was observed in the adipose tissue surrounding the tumor. In patient nine, the 
focal point was located outside the tumor due to a wrong misalignment correction. In 
this patient as well, fat cell necrosis was observed outside the tumor. In patient three, the 
thermal damage was for a major part located in the glandular tissue outside the tumor. 
This patient had moved between the test and therapeutic sonication.
In patients in whom thermal damage was detected, a hemorrhagic area was observed 
during macroscopic evaluation (Figure 4). In all patients in whom a temperature > 55 °C 
was measured, tumor necrosis was observed. In the areas with tumor necrosis, H&E 
staining showed the presence of tissue coagulation and leakage of erythrocytes. Table 4 
displays the performed sonications and the number and sizes of the area(s) with tumor 
necrosis. The largest diameter of the area with tumor necrosis varied between 3 and 11 
mm and was related to the length and number of performed sonications. The number 

Figure 4. Macroscopic (a) and microscopic pictures (b-d) of the fifth patient. In figure a, the yellow tissue is 
adipose tissue and the white tissue is the tumor tissue. The red-brown area inside the tumor indicates the 
presence of a hemorrhagic area which is caused by MR-HIFU ablation. Figure b-d are H&E stainings with 
increasing magnification. The blue line delineates the invasive tumor which is surrounded by normal fibro-
glandular tissue and adipose tissue. The area of tumor necrosis is encircled by a black line.
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of locations where sonications were performed correlated well to the number of area(s) 
with tumor necrosis. Cytokeratin 8/18 staining was also evaluated but did not contribute 
significantly in the assessment of the presence of tumor necrosis.

dIsCUssIon

In this chapter, our initial clinical experiences with a novel and dedicated MR-HIFU 
breast platform are presented. Our results show that MR-HIFU ablation of breast cancer 
patients is safe and feasible when the dedicated system is used. No major adverse events 
were observed. No skin burns were detected and only one minor adverse event related 
to MR-HIFU ablation was observed.

table 4. The performed sonications and the number and size of the area(s) with tumor necrosis.

Patient no of locations
(sonication)

tumor necrosis
size (mm)

tumor necrosis
surface (mm2)

1 1 (1-2) no no

2 1 (1-2) 3 x 1 4

2 (3-6) 7 x 3 15 

3 1 (1) 5 x 2 7

2 (2) 6 x 4 23$ 

4 1 (1-4) NA* NA*

5 1 (1-3) 7 x 6 30

2 (4-7)# 10 x 5 40 

6 1 (1-5) 11 x 7 66^

7 1 (1-4) no& no

8 1 (1-3) 8 x 3 25

2 (4) 4 x 3 9 

3 (5) 9 x 5 53 

4 (6) 7 x 4 13 

9 1 (1-3) no& no

2 (4) 

3 (5-6) 

10 1 (1-4) 9 x 4 25

2 (5) 7 x 3 16 

NA = not available
$ The thermal damage is for the major part present in the glandular tissue outside the tumor.
* No pathology results available of this patient.
# These treatment cells were positioned next to each other and not exactly at the same location.
^ Two other small areas of tumor necrosis were observed.
& No necrosis was observed inside the tumor, however, fat cell necrosis was observed in the adipose tissue sur-
rounding the tumor.
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In our study, no NPVs were detected immediately after MR-HIFU ablation. In uterine 
fibroids, the NPV directly after treatment is a good predictor for the treated volume 
[23,24]. Khiat et al. investigated the performance of DCE-MRI for the assessment of re-
sidual tumor after MR-HIFU ablation of breast cancer [25]. Results show that a malignant 
breast tumor may show slow enhancement directly after MR-HIFU ablation even when 
there is no evidence for residual tumor at histopathology. In addition, no correlation 
was found between DCE-MRI directly after MR-HIFU ablation and the percentage of 
residual tumor in this study. If MR imaging was extended to more than seven days after 
treatment, however, good correlation coefficients were found between NPVs and the 
presence of residual tumor. Our study confirms previous findings, although the treated 
volumes in this study may be too small compared to the voxel size (1.12 x 1.12 x 2.0 
mm3) of the MR sequence which was used for treatment evaluation. In addition, we did 
not perform high-temporal resolution DCE-MRI to assess differences in perfusion before 
and after treatment.
No valid temperature data were acquired in the first two patients because the LUT-
based corrected MR thermometry was distorted by artifacts due to patient motion and 
changes in the breathing pattern. Consequently, most sonications performed in these 
first patients were prematurely aborted automatically for safety reasons. An additional 
problem during these treatments was the occurrence of ghosting artifacts in the tem-
perature maps. To solve aforementioned problems, the sedation regimen was changed. 
In the first two patients, an opioid analgesic was injected shortly before each sonication. 
This analgesic, however, may cause a change in the breathing pattern which leads to 
the abortion of sonications. In the next patients, the opioid was replaced by continuous 
infusion of esketamine, a sedative agent with minimal impact on the respiration. Ad-
ditionally, MnCl2∙4H2O was added to the water in the breast cup to shorten the high T2 
signal of the water in the breast cup during MR thermometry. Furthermore, during the 
course of the study, the team of sedation specialists gained more experience with the 
sedation technique and gradually increased the dose of administered analgesics during 
the procedure. From the fourth patient, we did not observe patient motion or changes 
in the breathing pattern anymore and a number of full-length sonications could be 
performed in each patient.
The maximum temperatures during sonications differed considerably among patients. 
In some patients, the acoustic power needed to get a certain temperature increase was 
far higher than in other patients. This inter-patient variability may be explained by dif-
ferences in patient and tumor characteristics and tissue surrounding the tumor. First, 
highly perfused tumors will heat up more slowly in comparison to tumors with a low 
perfusion. Second, the ratio of glandular and adipose tissue surrounding the tumor may 
affect the increase in temperature, because fat tissue is a better thermal insulator than 
glandular tissue. Furthermore, the distance between the transducers and the tumor may 



Chapter 8

142

influence the required power to reach a certain temperature increase. In our system, 
the circular arc of transducers covers 270 degrees. If the targeted area is close to the 
‘open’ part of the transducer ring, higher powers may be needed to reach the same 
temperature increase because the distance from the transducers to the focal point is 
larger. In this study, the location of the focal point in relation to the transducer arc was 
not taken into account. Finally, the measured temperatures are largely dependent on 
the position of the coronal and sagittal MR thermometry slices through the focal point. 
In certain patients, e.g., patient six, eight, and nine, the measured temperature increase 
was not as high as one would expect based on the data of earlier treatments. A reason-
able explanation for this is that the MR thermometry slices were not exactly positioned 
in the focal point during the sonications. This can be caused by a wrong misalignment 
correction after the test sonications, which was clearly observed in patient nine. In this 
patient, the MR thermometry slices were inadvertently positioned about 1 cm anterior 
of the actual focal point.
In this study, we chose to report the largest diameter and the surface of the area where 
a temperature of 55  °C or higher was measured with MR thermometry. In theory, the 
correlation between the applied thermal dose in cumulative equivalent minutes (CEM) 
and the thermal damage at histopathology can be determined if temperature mea-
surements are of sufficient quality. Unfortunately in our study, we could not estimate 
the thermal dose with enough detail for this correlation. Multiple sonications were 
performed at (almost) the same location in the tumor. The baseline temperature in 
subsequent sonications could not be reliably assessed because PRFS MR thermometry 
is based on relative temperature measurements. To analyze the thermal damage in rela-
tion to the performed sonications, we reported the number of sonications at different 
locations in the tumor. In addition, the number and largest diameter of the area(s) with 
tumor necrosis were reported. Tumor necrosis was observed in all patients in whom a 
temperature > 55 °C was measured. In patient one, seven and nine, no tumor necrosis 
was observed. In the first patient, the applied thermal dose was too low to cause any 
thermal damage. In the other two patients, the sonications were located outside the 
tumor. The largest diameter of tumor necrosis varied between 3 and 11 mm. This large 
variation can be explained by the differences in the applied thermal dose, e.g., in patient 
three, only one, aborted sonication was performed, whereas in patient six, a number 
of full-length sonications was performed at the same tumor location. An exact correla-
tion between the planned treatment cell size and the largest diameter of the thermal 
damage was difficult, because pathology specimens were not reconstructed in 3D. In 
addition, we did not correlate the exact localization of the planned sonication on MRI to 
the localization of the thermal damage in the tumor.
Patients underwent MR-HIFU treatment under procedural sedation because of several 
reasons. First, a regular breathing pattern is preferable for LUT-based corrected MR ther-
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mometry and patients are likely to change their breathing pattern if they experience 
pain. Second, patients had to be in the same uncomfortable position for a long time (on 
average 145 minutes). The most important reasons for the long treatment time were the 
waiting time of thirty minutes after contrast injection, the time-consuming process fill-
ing up the LUT before the start of every sonication, and the finding of a proper navigator 
signal. Actual sonication time, however, was only 1.7 minutes. In future studies, the ratio 
between the actual sonication time and the overall procedure time has to be changed, 
for example by using new techniques for treatment planning which obviate the need 
for gadolinium injection, reducing the waiting time between subsequent sonications, 
or improving the filling the LUT. In conclusion, these first results show that MR-HIFU 
ablation in breast cancer patients is safe and feasible with the dedicated MR-HIFU breast 
platform.
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High-intensity focused ultrasound (HIFU) is a promising technique for completely non-
invasive tumor ablation. Although the first publications about HIFU already originate 
from the mid-20th century, its application in clinical practice has been limited [1]. One 
of the main reasons for its slow implementation has been the lack of a reliable imaging 
modality to guide the procedure and to provide real-time temperature feedback during 
heating. The integration of magnetic resonance imaging (MRI) with focused ultrasound 
systems gave HIFU a new boost to be further deployed in clinical practice [2,3]. Many 
developments are currently ongoing in the field, both in the development of dedicated 
HIFU transducers for specific clinical applications, as well as in advances in MRI for treat-
ment planning and temperature monitoring [4-7]. Bearing all this in mind, HIFU in 
combination with MRI may still fulfill the promise to become a ‘disruptive technology’, 
inducing major changes in future clinical practice. Furthermore, the breast is potentially 
very suitable for MRI-guided high-intensity focused ultrasound (MR-HIFU) ablation, 
because of its location on the outside of the body. Together with the continuing trend 
towards less invasive breast cancer therapies and the increased incidence of low-risk 
tumors in elderly patients, MR-HIFU ablation may has potential as treatment modality 
for local tumor ablation in breast cancer patients.
This thesis presents the first clinical experience with MR-HIFU ablation in breast cancer 
patients using a dedicated breast platform. The thesis is divided in three parts. In the 
first part, the opportunities of breast MRI for the detection of breast cancer, as well as 
for patient selection in the context of MR-HIFU ablation, are described. Second, a novel 
and dedicated MR-HIFU breast platform for focused ultrasound ablation is introduced. 
Additionally, experiments in ex vivo breast tissue are described and a performance 
analysis of the dedicated breast platform is presented. In the third and final part of this 
thesis, the results of a study assessing the safety and feasibility of MR-HIFU ablation in 
ten breast cancer patients using the dedicated MR-HIFU breast platform, are reported. 
In the following chapter, the results of this thesis are shortly summarized and discussed 
in the context of the current literature.

Part I 
Breast MrI for the diagnosis and selection of patients with early-stage breast 
cancer

Over the past two decades, breast MRI has been increasingly used for the diagnosis of 
breast cancer [8]. It is commonly known that breast MRI has a high sensitivity (>90%) 
and a lower specificity (about 70%) for the detection of invasive breast cancer [9]. The 
results from the study described in chapter 2 confirmed previous findings in a large 
patient population with clinically occult breast cancers that was imaged at 3T MR scan-
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ners. The evaluation of breast MRI is currently primarily based on morphological lesion 
characteristics on high spatial resolution imaging and tumor kinetic analysis using 
dynamic contrast-enhanced imaging [10]. Much knowledge is available about the use 
of MRI for diagnostic purposes, but it is a new challenge to use breast MRI for therapy 
planning. In diagnostic breast MR imaging, the primary aim is to exclude the presence 
of malignant disease, and preferably, even to provide a definitive diagnosis of the breast 
lesion. For therapy planning, the main objective is to precisely define the target volume. 
An important factor herein is the definition of treatment margins around the MRI-visible 
tumor. Schmitz et al. investigated the presence of subclinical disease foci around the 
gross tumor volume detected on MRI in patients undergoing breast-conserving therapy 
[11]. Result show the presence of subclinical disease foci in 52% of patients at a distance 
of ≥ 10 mm and in 25% of patients at a distance of ≥ 20 mm around the MRI-visible 
tumor. Therefore, if MR-HIFU ablation will eventually be used to replace surgical resec-
tion, it seems necessary to include a treatment margin in the target volume as defined 
based on the MRI-visible tumor.
In chapter 3, it was investigated which percentage of patients would be eligible for 
minimally invasive breast cancer therapy when different treatment and safety margins 
between tumor and critical organs were taken into account. This was done in a selected 
population of patients having invasive ductal cancer without evidence for the presence 
of multicentric or multifocal disease. A treatment margin was defined as a margin around 
the primary tumor corresponding to tissue that may contain occult disease. A safety 
margin was defined as a theoretical margin around the primary tumor which would 
be minimally necessary for the prevention of thermal injury to critical structures. If a 
safety margin of 10 mm between tumor and both skin and pectoral muscle is required, 
72.3% of this selected patient population would be eligible for minimally invasive breast 
cancer treatment. This proportion of patients decreased to 45.9% or even to 21.7% if an 
additional treatment margin of 5 mm or 10 mm was added to the imaginary treatment 
volume. These low percentages emphasize that it is necessary to investigate if safety and 
treatment margins can be reduced. Currently, there is limited knowledge about required 
safety margins between tumor and critical organs during minimally or noninvasive breast 
cancer treatment. In previous studies, a safety margin of 10 mm to both skin and pectoral 
muscle was commonly used during thermal ablation with radiofrequency or HIFU abla-
tion [12,13]. This safety margin, however, may be reduced with improved technologies 
and the development of dedicated devices [7,14]. Concerning the required treatment 
margins after surgical resection, the EUSOMA (the European society of breast cancer 
specialists) guidelines advised in the year 2000 a minimal free margin of 10 mm around 
the primary tumor to minimize the risk of incomplete excision during breast-conserving 
surgery [15]. Currently, studies have shown that a surgical resection margin of ≤ 2 mm 
does not result in an increase in local recurrences and does not necessitate re-excision 
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[16]. Based on this knowledge, treatment margins for MR-HIFU ablation may also be 
reduced to less than 5 mm around the primary tumor. We emphasize, however, the 
importance of adjuvant radiotherapy after MR-HIFU ablation to eliminate microscopic 
tumor foci around the MRI-visible tumor, as is currently performed in routine clinical 
practice after breast-conserving surgery. After MR-HIFU ablation, adjuvant radiotherapy 
can be accurately targeted around the ablated tumor which is still inside the breast and 
may even obviate the need for whole breast irradiation.

Part II 
technical aspects of Mr-HIFU for breast tumor ablation

In chapter 4, a novel and dedicated MR-HIFU breast platform was presented. This sys-
tem has a number of potential benefits over systems which have previously been used 
for MR-HIFU breast tumor ablation. These systems were originally developed for uterine 
fibroid ablation with an extracorporeal transducer built-in into an MR table top and 
ultrasound beams targeting the breast from anterior using the point-by-point ablation 
method [13,17]. A transducer shooting laterally has the potential to reduce the risk of 
heating the thoracic cage, because the distance between focal point and critical organs 
in the thoracic cage is increased and the far-field of the ultrasound beam is mainly 
located inside the breast. Previously, only one breast cancer patient had been treated 
with a laterally shooting transducer in a first feasibility study [18]. Payne et al. reported 
about another laterally mounted phased array transducer, but as far as we know, no pa-
tients have been treated with this system yet [7]. In previous studies, several skin burns 
were observed after MR-HIFU treatment [13,17]. A second advantage of the dedicated 
system presented in this thesis is the large aperture of the transducer, which reduces 
the risk of skin burns by lowering the energy density on the skin. Finally, the dedicated 
breast system uses a volumetric sonication technique in which the ultrasound energy is 
electronically steered over a number of concentric circular trajectories of increasing size, 
defining a volumetric heating cell [19]. For the treatment of uterine fibroids, it has been 
proven that the energy efficiency improves with increasing treatment cell sizes, which 
potentially will reduce the long procedure time [20].
In chapter 5, results of experiments investigating the effects of HIFU ablation and ther-
mal exposure on ex vivo human breast tissue were described. Irreversible macroscopic 
deformations up to almost 4 mm were observed both in the fibroglandular and adipose 
breast tissue. In the first ten patients treated in the clinical study, no such deformations 
were observed. However, due to time constraints during treatment, no high-resolution 
scans were performed before and after HIFU ablation. More research is therefore neces-
sary to exclude the presence of tissue deformations in tumor tissue after HIFU ablation 
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in patients. Temperature measurements after HIFU ablation showed a slow decline in 
breast tissue temperature with cooling times between 285 and 324 seconds, warranting 
the need for temperature monitoring in the surrounding adipose tissue during breast 
tumor ablation.
In chapter 6, the performance of rapid, multi-slice proton resonance frequency shift 
(PRFS) MR thermometry was described. A problem related to the application of PRFS 
in the female breast is the presence of time-varying phase changes due to respiration. 
These temperature errors in the breast can be as high as 13 °C during regular breathing. 
Close to the chest wall, these temperature errors can even be greater [21]. A decrease 
in the standard deviation (SD) of the mean temperature of approximately 4 °C to 2.3 °C 
(look-up-table-based) and 1.5  °C (model-based) was accomplished in volunteers. In 
patients, the mean temperature SD decreased from 8.2 °C to 2.9 °C and 2.7 °C for the 
look-up-table (LUT)-based and model-based correction method, respectively. In both 
volunteers and patients, the performance of the model-based method was significantly 
better than the LUT-based method. Due to differences in the methods of the performed 
analyses, the uncorrected temperature data in volunteers and patients (4  °C versus 
8.2  °C) cannot be directly compared. Nonetheless, both correction methods proved 
to give a considerable decrease in the temperature SD in volunteers and patients. For 
temperature errors of 13 °C or higher, a correction method is certainly necessary. The 
question arises, however, whether a correction method is necessary if the uncorrected 
temperature SD is as low as 4 °C and only a minor improvement can be accomplished 
after applying the correction method. The temperature precision which can be achieved 
will largely depend on the available time during treatment, because a more accurate 
correction method will (often) be more time-consuming as well. It is difficult to establish 
what the temperature SD during MR-HIFU ablation should be, but a precision of approxi-
mately 2 °C seems realistic to acquire a good estimate of the thermal dose. Second, the 
spatial targeting accuracy and precision of the dedicated MR-HIFU breast platform was 
reported in chapter 6. Results show that the platform employs a high spatial ablation 
accuracy and precision of 2.5 mm and 1.7 mm, respectively. Before the phase I study 
with the newly developed breast platform was started, it was anticipated that the wide 
aperture of the transducer might cause focal aberrations in the heterogeneous breast 
tissue, which would require the implementation of a refocusing algorithm to correct 
for these aberrations [22]. Based on the performance analyses of the dedicated system 
reported in this thesis, refocusing seems not necessary.
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Part III 
Mr-HIFU ablation in breast cancer patients

In chapter 8, the results of MR-HIFU ablation in ten breast cancer patients were reported. 
It was shown that MR-HIFU ablation with the dedicated breast platform is safe and techni-
cally feasible. In the following paragraph, some disadvantages and possible improvements 
of the current treatment procedure are discussed. One of the main disadvantages of 
MR-HIFU ablation in general is the lengthy procedure time [20]. Despite the fact that we 
treated only small volumes, the overall procedure time in our study was as long as 145 ± 29 
minutes. This can be explained by several reasons. First, a waiting time of thirty minutes was 
maintained after the injection of the gadolinium-based contrast agent (GBCA) because of 
the potential hazard of the decomposition of the gadolinium chelate with release of toxic 
free Gd ions. During the time our study started, no literature was available on the heating 
of Gd-chelates and thus, the waiting time of 30 minutes was arbitrarily chosen. Recently, 
Hijnen et al. reported about the stability and trapping of MRI contrast agents during HIFU 
ablation therapy. They investigated the effects of MR-HIFU ablation directly after intrave-
nous injection of gadopentetate dimeglumine (Gd-DTPA) in vivo on both rat muscle and 
subcutaneous tumor and did not find evidence for the in vivo decomposition of Gd-DTPA 
due to MR-HIFU ablation [23]. In our study, we did not observe any complications related 
to the heating of Gadovist. Furusawa et al. also did not report adverse events of MR-HIFU 
ablation after the injection of GBCA before MR-HIFU ablation, however in this study, no 
information was provided about the time period between contrast injection and the first 
sonication, neither about which GBCA was used [17]. Another disadvantage of the use of 
GBCA just before MR-HIFU ablation is the occurrence of susceptibility artifacts that Gd3+ 
may cause in PRFS-based temperature mapping [23]. Target definition before MR-HIFU 
ablation will be more difficult when only non-contrast-enhanced MR images are available. 
Instead, a possible solution may be to use DCE-MR images acquired before the day of 
treatment and match them to non-contrast-enhanced images during treatment. Dmitriev 
et al. describe a method for fully automated deformable registration of breast DCE-MRI 
and PET/CT images and found an alignment within 4 mm in the majority of patients [24]. 
It would save many time if this technique can be used during MR-HIFU treatment. In our 
study, DCE-MR images were used for therapy planning. In addition, to detect gross patient 
motion during treatment, T1-weighted images acquired at the beginning of the procedure 
were compared to T1-weighted images acquired just before each sonication.
The waiting time after the injection of the contrast agent was not the only reason for 
the lengthy procedure time. A second reason was the use of the LUT-based correction 
method to correct for respiration-induced artifacts. This technique required repetition 
of the learning phase before every single sonication and was very time-consuming. In 
future studies, this method may be accelerated by extrapolating the learning data of 
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previous sonications. This can be done if the following conditions are met. First, the 
location of the sonications is close to one another and second, the patient did not move 
between subsequent sonications and has still the same breathing pattern. Furthermore, 
the model-based correction method may be a good alternative, since it performed 
significantly better than the LUT-based method and proved to be up to three times 
faster than the LUT-based method. A third reason for the lengthy procedure was the 
relatively long time between subsequent sonications to allow the heated tissue to cool 
down towards baseline temperature. The main reason to do so was the uncertainty of 
the temperature increase in the adipose tissue surrounding the tumor, caused by the in-
ability to measure the temperature in fat with the PRFS MR thermometry sequence that 
was used during sonications. Fat is a thermal insulator and will cool down more slowly 
than the highly perfused tumor volume. The combination of PRFS thermometry in aque-
ous tissue with T1-mapping in adipose tissue may provide the possibility for real-time 
MR thermometry in the breast in both tumor tissue and surrounding fat tissue [25,26].
At present, all patients with a clinically and radiological negative axilla will undergo a 
sentinel lymph node biopsy (SLNB) during surgical resection. The axillary lymph node 
status is the most important prognostic factor and needed for the decision about ad-
juvant therapies [27]. If surgery can be replaced by MR-HIFU ablation, a less invasive 
approach to replace the SLNB has to be sought as well. A new possibility for less invasive 
axillary staging is microbubble contrast-enhanced ultrasound in combination with 
targeted needle biopsy to remove the enhancing axillary lymph node [28]. Moreover, 
noninvasive imaging techniques may aid in the differentiation between benign and 
malignant lymph nodes, for example using diffusion weighted MRI, ultrasmall super-
paramagnetic iron oxide (USPIO)-enhanced MRI, or ultra-high field (7T) MRI [29-31]. In 
addition to the axillary lymph node status, the surgical excision specimen nowadays 
plays an important role in the decision for adjuvant treatments. Biopsies prior to MR-HIFU 
ablation may be used to determine the estrogen and progesterone receptor and human 
epidermal growth factor receptor-2 status accurately [32]. If assessment of the tumor 
grade is purely done based on large-core needle biopsy, the agreement of tumor grade 
is accurate for high-grade tumors, but less reliable for low-grade tumors [33]. Finally, 
the surgical resection margins after lumpectomy currently determine if a re-excision or 
an additional boost to the tumor bed is indicated. If no surgical specimen is available 
anymore, another method has to be found to assess the presence of viable tumor tissue. 
After breast tumor ablation, the most obvious method for follow-up imaging is DCE 
breast MRI. This imaging method can be used to assess the effectiveness of MR-HIFU 
ablation, but also to detect recurrent disease in the months and years after treatment. 
Kim et al. showed that successfully ablated tumors will be characterized by central dark 
signal intensities with thin rim enhancement on subtraction images. Viable tumor cells 
may still be present if nodular or irregular thick enhancements are observed [34].
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FUtUrE dIrECtIons

One of the most important benefits of MRI-guided HIFU ablation is the possibility to 
measure the applied thermal dose using MR thermometry. The thermal dose is a quantity 
that reflects exposure time to elevated temperatures. It can be calculated by the isoef-
fect thermal dose relationship, which compares different regimes of thermal exposure 
by converting time-temperature data into an unit of cumulative equivalent min (CEM) 
at 43 °C [35]. In our phase I study, the applied thermal dose could not be determined 
detailed enough to assess this isoeffect thermal dose relationship. Future studies have 
to investigate the thermal dose threshold for tumor cell death during breast tumor abla-
tion in vivo. As a next step towards the clinical implementation of MR-HIFU ablation in 
breast cancer patients, a phase II study will be performed investigating the treatment 
efficacy of total tumor ablation including a 5-mm treatment margin around the MRI-
visible tumor. Primary endpoints of the study are the non-perfused volume at DCE-MRI 
performed one to two weeks after MR-HIFU treatment and the percentage viable versus 
necrotic tumor tissue at histopathology.
In our view, a selected population of patients will finally be suitable for treatment with 
MR-HIFU ablation. First, it is important to select patients with a low risk on locoregional 
recurrence. Risk factors for locoregional recurrences are the presence of positive lymph 
nodes or vascular invasion, high-grade tumors, and a tumor size greater than 2 cm [36]. 
In addition, a young age is an independent risk factor for recurrent disease after breast-
conserving therapy [37]. Thus, an elderly patient with a small and low-grade tumor 
would be an ideal candidate for MR-HIFU therapy. A second patient population that 
might be suitable for MR-HIFU ablation are elderly patients with multiple comorbidities. 
Especially for those patients who are physically unable to undergo surgical resection, a 
completely noninvasive treatment modality is an appealing treatment option. For this 
application, the overall procedure time has to be shortened. Furthermore, one has to 
strive for the omission of procedural sedation because the administering of sedative 
agents will be accompanied with health risks in such a fragile patient population. In 
future treatments, it may be possible to replace procedural sedation by local anesthesia 
of the tumor and surrounding breast tissue.
Nowadays, the overall survival of patients with early-stage (i.e. stage I or II) breast cancer 
is almost 90% after local treatment with breast-conserving therapy in combination with 
adjuvant systemic treatment [38]. A new treatment modality has to prove its non-infe-
riority with regards to current clinical standards. This is very difficult if present therapies 
have already proven to provide an excellent outcome. After proving this non-inferiority, 
the new therapy has to demonstrate its benefits over current treatment modalities. Thus, 
MR-HIFU ablation first has to demonstrate that it has equal efficacy compared to surgical 
tumor resection. Potential benefits of MR-HIFU ablation over current therapies are an 



Chapter 9

156

improved cosmetic outcome and a reduction of the peri-procedural complication rate. 
In addition, the use of image guidance during treatment may provide benefits for ac-
curate tumor localization and assessment of the applied thermal dose. Finally, MR-HIFU 
ablation has to be combined with image-guided radiotherapy to eliminate microscopic 
tumor foci around the tumor.



157

General discussion

rEFErEnCEs

1. Lynn JG, Zwemer RL, Chick AJ, Miller AE. A new method for the generation and use of focused 
ultrasound in experimental biology. J Gen Physiol 1942; 26(2): 179-193.

2. Cline HE, Schenck JF, Hynynen K, Watkins RD, Souza SP, Jolesz FA. MR-guided focused ultrasound 
surgery. J Comput Assist Tomogr 1992; 16(6): 956-965.

3. Cline HE, Hynynen K, Watkins RD et al. Focused US system for MR imaging-guided tumor ablation. 
Radiology 1995; 194(3): 731-737.

4. Celicanin Z, Auboiroux V, Bieri O et al. Real-time method for motion-compensated MR thermometry 
and MRgHIFU treatment in abdominal organs. Magn Reson Med 2013.

5. Chopra R, Colquhoun A, Burtnyk M et al. MR imaging-controlled transurethral ultrasound therapy 
for conformal treatment of prostate tissue: initial feasibility in humans. Radiology 2012; 265(1): 
303-313.

6. Kim YS, Kim BG, Rhim H et al. Uterine Fibroids: Semiquantitative Perfusion MR Imaging Parameters 
Associated with the Intraprocedural and Immediate Postprocedural Treatment Efficiencies of MR 
Imaging-guided High-Intensity Focused Ultrasound Ablation. Radiology 2014; 132719.

7. Payne A, Todd N, Minalga E et al. In vivo evaluation of a breast-specific magnetic resonance guided 
focused ultrasound system in a goat udder model. Med Phys 2013; 40(7): 073302.

8. Stout NK, Nekhlyudov L, Li L et al. Rapid increase in breast magnetic resonance imaging use: trends 
from 2000 to 2011. JAMA Intern Med 2014; 174(1): 114-121.

9. Peters NH, Borel R, I, Zuithoff NP, Mali WP, Moons KG, Peeters PH. Meta-analysis of MR imaging in the 
diagnosis of breast lesions. Radiology 2008; 246(1): 116-124.

10. Mann RM, Kuhl CK, Kinkel K, Boetes C. Breast MRI: guidelines from the European Society of Breast 
Imaging. Eur Radiol 2008; 18(7): 1307-1318.

11. Schmitz AC, van den Bosch MA, Loo CE et al. Precise correlation between MRI and histopathology - 
exploring treatment margins for MRI-guided localized breast cancer therapy. Radiother Oncol 2010; 
97(2): 225-232.

12. Fornage BD, Sneige N, Ross MI et al. Small (< or = 2-cm) breast cancer treated with US-guided 
radiofrequency ablation: feasibility study. Radiology 2004; 231(1): 215-224.

13. Gianfelice D, Khiat A, Amara M, Belblidia A, Boulanger Y. MR imaging-guided focused US ablation 
of breast cancer: histopathologic assessment of effectiveness-- initial experience. Radiology 2003; 
227(3): 849-855.

14. Merckel LG, Bartels LW, Köhler MO et al. MR-guided high-intensity focused ultrasound ablation of 
breast cancer with a dedicated breast platform. Cardiovasc Intervent Radiol 2013; 36(2): 292-301.

15. Rutgers EJ. Quality control in the locoregional treatment of breast cancer. Eur J Cancer 2001; 37(4): 
447-453.

16. Groot G, Rees H, Pahwa P, Kanagaratnam S, Kinloch M. Predicting local recurrence following breast-
conserving therapy for early stage breast cancer: the significance of a narrow (</= 2 mm) surgical 
resection margin. J Surg Oncol 2011; 103(3): 212-216.

17. Furusawa H, Namba K, Thomsen S et al. Magnetic resonance-guided focused ultrasound surgery of 
breast cancer: reliability and effectiveness. J Am Coll Surg 2006; 203(1): 54-63.

18. Huber PE, Jenne JW, Rastert R et al. A new noninvasive approach in breast cancer therapy using 
magnetic resonance imaging-guided focused ultrasound surgery. Cancer Res 2001; 61(23): 8441-
8447.

19. Köhler MO, Mougenot C, Quesson B et al. Volumetric HIFU ablation under 3D guidance of rapid MRI 
thermometry. Med Phys 2009; 36(8): 3521-3535.



Chapter 9

158

20. Kim YS, Keserci B, Partanen A et al. Volumetric MR-HIFU ablation of uterine fibroids: role of treatment 
cell size in the improvement of energy efficiency. Eur J Radiol 2012; 81(11): 3652-3659.

21. Peters NH, Bartels LW, Sprinkhuizen SM, Vincken KL, Bakker CJ. Do respiration and cardiac motion 
induce magnetic field fluctuations in the breast and are there implications for MR thermometry? J 
Magn Reson Imaging 2009; 29(3): 731-735.

22. Mougenot C, Tillander M, Koskela J, Köhler MO, Moonen C, Ries M. High intensity focused ultrasound 
with large aperture transducers: a MRI based focal point correction for tissue heterogeneity. Med 
Phys 2012; 39(4): 1936-1945.

23. Hijnen NM, Elevelt A, Grull H. Stability and trapping of magnetic resonance imaging contrast agents 
during high-intensity focused ultrasound ablation therapy. Invest Radiol 2013; 48(7): 517-524.

24. Dmitriev ID, Loo CE, Vogel WV, Pengel KE, Gilhuijs KG. Fully automated deformable registration of 
breast DCE-MRI and PET/CT. Phys Med Biol 2013; 58(4): 1221-1233.

25. Diakite M, Odeen H, Todd N, Payne A, Parker DL. Toward real-time temperature monitoring in fat 
and aqueous tissue during magnetic resonance-guided high-intensity focused ultrasound using a 
three-dimensional proton resonance frequency T1 method. Magn Reson Med 2014; 72(1): 178-187.

26. Todd N, Diakite M, Payne A, Parker DL. In vivo evaluation of multi-echo hybrid PRF/T1 approach for 
temperature monitoring during breast MR-guided focused ultrasound surgery treatments. Magn 
Reson Med 2013.

27. Moore MP, Kinne DW. Axillary lymphadenectomy: a diagnostic and therapeutic procedure. J Surg 
Oncol 1997; 66(1): 2-6.

28. Sever AR, Mills P, Weeks J et al. Preoperative needle biopsy of sentinel lymph nodes using intra-
dermal microbubbles and contrast-enhanced ultrasound in patients with breast cancer. AJR Am J 
Roentgenol 2012; 199(2): 465-470.

29. Harada T, Tanigawa N, Matsuki M, Nohara T, Narabayashi I. Evaluation of lymph node metastases of 
breast cancer using ultrasmall superparamagnetic iron oxide-enhanced magnetic resonance imag-
ing. Eur J Radiol 2007; 63(3): 401-407.

30. Korteweg MA, Zwanenburg JJ, Hoogduin JM et al. Dissected sentinel lymph nodes of breast cancer 
patients: characterization with high-spatial-resolution 7-T MR imaging. Radiology 2011; 261(1): 
127-135.

31. Kwee TC, Takahara T, Luijten PR, Nievelstein RA. ADC measurements of lymph nodes: inter- and 
intra-observer reproducibility study and an overview of the literature. Eur J Radiol 2010; 75(2): 
215-220.

32. Chen X, Yuan Y, Gu Z, Shen K. Accuracy of estrogen receptor, progesterone receptor, and HER2 status 
between core needle and open excision biopsy in breast cancer: a meta-analysis. Breast Cancer Res 
Treat 2012; 134(3): 957-967.

33. Zheng J, Alsaadi T, Blaichman J et al. Invasive ductal carcinoma of the breast: correlation between 
tumor grade determined by ultrasound-guided core biopsy and surgical pathology. AJR Am J 
Roentgenol 2013; 200(1): W71-W74.

34. Kim SH, Jung SE, Kim HL, Hahn ST, Park GS, Park WC. The potential role of dynamic MRI in assessing 
the effectiveness of high-intensity focused ultrasound ablation of breast cancer. Int J Hyperthermia 
2010; 26(6): 594-603.

35. Sapareto SA, Dewey WC. Thermal dose determination in cancer therapy. Int J Radiat Oncol Biol Phys 
1984; 10(6): 787-800.

36. Wallgren A, Bonetti M, Gelber RD et al. Risk factors for locoregional recurrence among breast cancer 
patients: results from International Breast Cancer Study Group Trials I through VII. J Clin Oncol 2003; 
21(7): 1205-1213.



159

General discussion

37. Bartelink H, Horiot JC, Poortmans PM et al. Impact of a higher radiation dose on local control and 
survival in breast-conserving therapy of early breast cancer: 10-year results of the randomized 
boost versus no boost EORTC 22881-10882 trial. J Clin Oncol 2007; 25(22): 3259-3265.

38. Hwang ES, Lichtensztajn DY, Gomez SL, Fowble B, Clarke CA. Survival after lumpectomy and mastec-
tomy for early stage invasive breast cancer: the effect of age and hormone receptor status. Cancer 
2013; 119(7): 1402-1411.





Chapter  10
Summary 
Samenvatting





163

Summary

Magnetic resonance imaging-guided high-intensity focused ultrasound (MR-HIFU) is a 
promising technique for completely noninvasive tumor ablation. This thesis focuses on 
its application for the treatment of patients with breast cancer. In addition, it describes 
the first clinical experience with MR-HIFU ablation in breast cancer patients using a 
dedicated breast platform.

Part I 
Breast MrI for the diagnosis and selection of patients with early-stage breast 
cancer

In chapter 2, the added diagnostic value of dynamic contrast-enhanced (DCE) 3T breast 
MRI was investigated in patients with nonpalpable, suspicious breast lesions at conven-
tional imaging. MR reading in a routine clinical setting was compared with MR reading 
by two dedicated breast radiologists. Sensitivity proved to be moderate (66.7%) during 
routine reading and high (89.3% and 94.7%) during expert reading. The increase in sen-
sitivity during expert reading was, however, accompanied by a decrease in specificity 
for both expert readers, from 77.5% to 61.0% and 33.3%. Breast MRI provided additional 
diagnostic information over clinical information and conventional imaging, which was 
shown by a significant increase in the area under the ROC curve for all three readings.
Chapter 3 reports the eligibility of patients for minimally invasive breast cancer therapy 
based on tumor proximity to critical organs. Tumor, skin, and pectoral muscle were 
semi-automatically segmented in MR images of patients with invasive ductal carcino-
mas. The shortest distances from tumors to skin and pectoral muscle were determined 
and proportions of eligible patients were calculated for different safety and treatment 
margins between tumors and critical organs. We found that, if a safety margin of 10 mm 
to skin and pectoral muscle is required without treatment margin, 72.3% of patients 
would be eligible for minimally invasive treatment. This proportion decreases to 45.9% 
if an additional margin of 5 mm around the primary tumor has to be treated. Short-
est distances between tumors and critical organs were larger in older patients and in 
patients with less aggressive tumor subtypes. Hence, if tumor location is considered, 
older patients with prognostically favorable tumors would be more likely eligible for 
minimally invasive therapy than other patients.
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Part II 
technical aspects of Mr-HIFU for breast tumor ablation

Chapter 4 describes the potential of MR-HIFU for breast tumor ablation and summarizes 
previous studies on MR-HIFU ablation in breast cancer patients. A dedicated MR-HIFU 
breast platform is presented, which was specifically developed for the treatment of tu-
mors in the breast. The system is equipped with a wide aperture transducer that targets 
the breast laterally. The lateral sonication approach reduces the risk of heating critical 
organs in the thoracic cage. In addition, the wide aperture of the transducer reduces 
the risk of skin burns by lowering the energy density on the skin. Finally, the dedicated 
system uses a volumetric sonication technique, which allows the treatment of larger 
volumes during a single sonication compared to the point-by-point ablation technique 
which was used in previous studies. In addition, chapter 4 describes the role of MRI for 
target definition and treatment monitoring during HIFU ablation in the breast. Finally, 
some technical and clinical challenges are addressed, which have to be solved before 
MR-HIFU ablation of breast cancer patients can be implemented in routine clinical 
practice.
The effects of HIFU ablation and thermal exposure on ex vivo human breast tissue are 
reported in chapter 5. During these experiments, irreversible tissue deformations up 
to 3.7 mm in size were observed upon HIFU ablation, both in the fibroglandular and in 
the adipose part of the breast tissue. This indicates that it may be necessary to monitor 
tissue deformations during MR-HIFU treatment in patients. No correlation was found 
between the size of the deformations and the sonication power or maximum tissue 
temperature. A slow decline in breast tissue temperature was observed after HIFU abla-
tion. This results in an increased risk of heat accumulation during successive sonications 
and emphasizes the importance of temperature monitoring during MR-HIFU treatment, 
especially in the adipose tissue surrounding the tumor. Histopathological analysis of 
sonicated regions demonstrated ablated tissue and morphologically complete cell 
death. After thermal exposure, samples exposed to three different temperatures could 
readily be distinguished by an immunohistochemical staining.
In chapter 6, the precision of rapid, multi-slice proton resonance frequency shift (PRFS)-
based MR thermometry was evaluated. A look-up-table (LUT)-based and a model-based 
approach were used for the correction of respiration-induced artifacts. In all volunteers 
and patients, both correction methods improved the precision of the temperature mea-
surements to below 3 °C. In both volunteers and patients, the model-based correction 
method, however, performed significantly better. In addition, this method proved to be 
faster compared to the LUT-based correction method. Moreover, the spatial targeting 
accuracy and precision of sonications with the dedicated MR-HIFU breast platform were 
investigated. The accuracy and precision proved to be 2.5 and 1.7 mm, respectively. 
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Three identical sonications were performed at the same location in the tumor to analyze 
the reproducibility of sonications. Three similar temperature profiles were observed 
during the heating and cooling phase. Lastly, the imaging slice at the pectoral muscle 
was evaluated to monitor unwanted heating in the far-field. No relevant increase in 
temperature was measured in this region.

Part III 
Mr-HIFU ablation in breast cancer patients

Chapter 7 addresses some relevant issues which have to be considered in future studies 
on image-guided breast cancer treatment. First, the selection of appropriate candidates 
for minimally invasive breast cancer treatment is discussed. For example, tumors with an 
in situ component around the invasive tumor should not be selected for image-guided, 
minimally invasive breast cancer therapy, because an in situ component is associated 
with more extensive tumor spread. Second, the importance to treat margins around the 
primary invasive tumor is emphasized. Finally, the advantages of MRI during minimally 
invasive or noninvasive breast tumor ablation are reported.
The results of a phase I study assessing the safety and feasibility of tumor ablation in 
breast cancer patients with the dedicated MR-HIFU breast platform are reported in 
chapter 8. Ten patients with breast cancer underwent partial tumor ablation before 
they underwent surgical resection. No major adverse events were observed. Directly 
after MR-HIFU ablation, no non-perfused volumes were visible on contrast-enhanced 
MRI. The maximum temperature measured during sonications was on average 50.6 °C 
and showed a high inter-patient variability. In all patients with adequate heating (> 
55 °C) in the tumor, H & E staining showed one or more areas with tumor necrosis. The 
largest diameter of the area with tumor necrosis varied between 3 and 11 mm and was 
related to the number and duration of the performed sonications. The number of loca-
tions where sonications were performed could be correlated with the number of area(s) 
of tumor necrosis observed at histopathology. In conclusion, MR-HIFU ablation in breast 
cancer patients with the dedicated MR-HIFU breast platform was proven to be safe and 
feasible.
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‘Magnetic resonance imaging-guided high-intensity focused ultrasound’ (MR-HIFU) is 
een veelbelovende techniek voor geheel niet-invasieve tumorablatie. Dit proefschrift 
richt zich op de toepassing van deze techniek voor de behandeling van borstkan-
kerpatiënten. Ook beschrijft het de eerste klinische ervaring met MR-HIFU-ablatie in 
borstkankerpatiënten met behulp van een systeem dat speciaal ontwikkeld is voor 
MR-HIFU-ablatie in de borst.

dEEl I 
Borst-MrI voor de diagnostiek en de selectie van patiënten met borstkanker in 
een vroeg stadium

In hoofdstuk 2 werd de toegevoegde diagnostische waarde onderzocht van dynami-
sche borst-MRI met contrast op een veldsterkte van 3T bij patiënten met niet-palpabele 
borsttumoren, welke verdacht waren voor maligniteit op basis van conventionele beeld-
vorming. Beoordeling van MRI-scans in de dagelijkse klinische praktijk werd vergeleken 
met beoordeling door twee radiologen met veel ervaring op het gebied van borst-MRI. 
De sensitiviteit bleek matig (66.7%) in de klinische praktijk en hoog (89.3% en 94.7%) 
voor de twee ervaren mammaradiologen. De toename in sensitiviteit ging echter wel 
ten koste van de specificiteit, want deze was bij beide ervaren mammaradiologen lager 
(61.0% en 33.3%) dan in de klinische praktijk (77.5%). Een significante toename van de 
oppervlakte onder de ROC-curve liet zien dat een borst-MRI bij elk van de drie beoorde-
lingen extra diagnostische informatie opleverde.
Hoofdstuk 3 beschrijft een studie waarin onderzocht werd welke patiënten geschikt 
zouden zijn voor minimaal invasieve borstkankerbehandeling op basis van tumorlocatie 
in relatie tot kritieke organen. De tumor, huid en musculus pectoralis major werden 
semi-automatisch gesegmenteerd in MR-beelden van patiënten met een invasief ductaal 
carcinoom. Vervolgens werden de kortste afstanden van tumoren tot aan de huid en de 
musculus pectoralis major bepaald. Hierna werd berekend welk deel van de patiënten 
geschikt zou zijn voor minimaal invasieve behandeling wanneer bepaalde veiligheids- en 
behandelmarges in acht zouden worden genomen. Onze resultaten laten zien dat 72.3% 
patiënten zou geschikt zijn voor minimaal invasieve borstkankerbehandeling indien een 
veiligheidsmarge van 10 mm tussen tumor en zowel de huid als de musculus pectoralis 
major wordt aangehouden. Dit percentage daalt echter tot 45.9% als er tevens een marge 
van 5 mm rondom de primaire tumor behandeld moet worden. De kortste afstanden 
tussen tumoren en kritische organen waren groter bij oudere patiënten en bij patiënten 
met minder agressieve tumoren. Dit betekent dat oudere patiënten met prognostisch 
gunstige tumoren op basis van tumorlocatie waarschijnlijk vaker geschikt zullen zijn voor 
minimaal invasieve borstkankerbehandeling in vergelijking met andere patiënten.
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dEEl 2
technische aspecten van Mr-HIFU voor tumorablatie in de borst

Hoofdstuk 4 beschrijft de mogelijkheden van MR-HIFU voor tumorablatie in de borst 
en geeft een samenvatting van eerdere studies waarin borstkankerpatiënten middels 
MR-HIFU-ablatie behandeld werden. Tevens wordt het MR-HIFU-borstsysteem geïntro-
duceerd; een systeem dat speciaal ontwikkeld is voor MR-HIFU-ablatie van tumoren in 
de borst. Het MR-HIFU-borstsysteem bestaat uit een ring van transducers die rondom de 
borst gepositioneerd zijn. Hierdoor kan het ultrageluid de borst van de zijkanten binnen-
treden, hetgeen het risico op opwarming van kritieke organen in de borstkas verlaagd. 
De ring van transducers vermindert tevens het risico op brandwonden doordat de ener-
giedichtheid op de huid laag is. Een ander voordeel van het MR-HIFU-borstsysteem is 
dat het gebruik maakt van een volumetrische sonicatie-techniek. Door middel van deze 
techniek kunnen – tijdens een enkele sonicatie – grotere volumes worden behandeld 
in vergelijking met de punt-voor-punt-methode die in eerdere studies gebruikt werd. 
Tevens wordt in dit hoofdstuk de rol van MRI voor het definiëren van het doelvolume 
en het monitoren van de behandeling tijdens HIFU-ablatie besproken. Tenslotte worden 
een aantal technische en klinische uitdagingen aan de orde gesteld waarvoor nog een 
oplossing moet worden gezocht voordat MR-HIFU-ablatie van borstkankerpatiënten in 
de klinische praktijk geïmplementeerd kan worden.
De effecten van HIFU-ablatie en thermische blootstelling op ex vivo humaan borstweefsel 
worden beschreven in hoofdstuk 5. Na HIFU-ablatie werden, zowel in het klier- als in het 
vetweefsel, onherstelbare vervormingen van het weefsel waargenomen tot een grootte 
van 3.7 mm. Deze bevinding suggereert dat het nodig kan zijn om gedurende een MR-
HIFU-behandeling bij een patiënt te controleren of er sprake is van weefseldeformaties. 
Er werd geen relatie gevonden tussen de grootte van de deformaties en het akoestische 
vermogen van de sonicaties of de maximale weefseltemperatuur. Temperatuurmetingen 
in het borstweefsel lieten na HIFU-ablatie een langzame afkoeling zien, wat het risico op 
warmte-accumulatie bij opeenvolgende sonicaties verhoogt. Daarom is het belangrijk 
om de weefseltemperatuur tijdens een MR-HIFU-behandeling te monitoren, met name 
in het vetweefsel rondom de tumor. Bij histopathologische analyse van het gesoniceerde 
weefsel werd geableerd weefsel en morfologische complete celdood aangetoond. Met 
behulp van een immunohistochemische kleuring kon onderscheid gemaakt worden 
tussen de schade veroorzaakt door blootstelling aan drie verschillende temperaturen.
In hoofdstuk 6 werd de precisie geëvalueerd van snelle, ‘multi-slice’ MR thermometrie 
op basis van de temperatuurafhankelijkheid van de proton elektron screening constante. 
Een methode gebaseerd op een zogenaamde ‘look-up-table’ en een methode gebaseerd 
op een model werden gebruikt om ademhalingsartefacten te corrigeren. Bij alle vrijwilli-
gers en patiënten zorgden beide correctiemethoden voor een verbetering in de precisie 
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van de temperatuurmetingen tot onder 3 °C. De methode gebaseerd op het model bleek 
echter zowel bij vrijwilligers als bij patiënten significant beter te zijn en kostte tevens 
minder tijd. Daarnaast werden de spatiële nauwkeurigheid en precisie van sonicaties 
met het MR-HIFU-borstsysteem geanalyseerd. De nauwkeurigheid en precisie van dit 
systeem bleken respectievelijk 2.5 en 1.7 mm te zijn. Om de reproduceerbaarheid van 
de sonicaties te onderzoeken werden drie identieke sonicaties uitgevoerd op dezelfde 
locatie in de tumor. De temperatuurprofielen van deze sonicaties vertoonden – zowel 
tijdens opwarming als afkoeling – grote overeenkomsten. Tenslotte werd de musculus 
pectoralis major onderzocht op eventuele ongewenste opwarming van het zogenaamde 
‘far-field’. In dit gebied werd geen relevante temperatuursverhoging gemeten.

dEEl 3
Mr-HIFU-ablatie in borstkankerpatiënten

Hoofdstuk 7 besteedt aandacht aan een aantal belangrijke onderwerpen met het oog 
op toekomstige studies naar beeldgeleide behandeling van borstkanker. Ten eerste 
wordt de selectie van de juiste kandidaten voor minimaal invasieve borstkankerbehan-
deling aan de orde gesteld. Patiënten met een in situ component rondom de invasieve 
tumor zouden bijvoorbeeld niet moeten worden geselecteerd voor een beeldgestuurde, 
minimaal invasieve behandeling omdat een in situ component geassocieerd wordt met 
uitgebreidere spreiding van tumorcellen. Ten tweede wordt het belang van behandel-
marges rondom de primaire, invasieve tumor benadrukt. Als laatste worden de voorde-
len van MRI tijdens minimaal of niet-invasieve tumorablatie in de borst besproken.
In hoofdstuk 8 worden de resultaten van een fase I studie beschreven waarin de 
veiligheid en haalbaarheid van tumorablatie met het MR-HIFU-borstsysteem werden 
onderzocht. Tien patiënten met borstkanker ondergingen partiële tumorablatie voordat 
zij geopereerd werden. Er werden geen ernstige bijwerkingen waargenomen tijdens en 
na de MR-HIFU-behandeling. Direct na HIFU-ablatie werden geen niet-doorbloede vo-
lumina gezien op de borst-MRI met contrast. De maximale temperatuur gedurende de 
sonicaties was gemiddeld 50.6 °C en varieerde sterk tussen de verschillende patiënten. 
Bij alle patiënten bij wie een adequate opwarming (temperatuur > 55 °C) in de tumor 
werd waargenomen konden één of meerdere gebieden met tumornecrose worden vast-
gesteld middels H & E kleuring. De grootste diameter van het gebied met tumornecrose 
varieerde tussen de 3 en 11 mm en was gerelateerd aan het aantal verrichte sonicaties 
en de duur ervan. Het aantal locaties waar sonicaties verricht waren kon gecorreleerd 
worden met het aantal gebieden waar tumornecrose werd aangetoond tijdens histopa-
thologische analyse. De conclusie is dat MR-HIFU-ablatie in borstkankerpatiënten met 
het MR-HIFU-borstsysteem veilig en haalbaar is.
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Ruim vier jaar na de start van mijn promotieonderzoek kan ik terugkijken op een mooie 
en leerzame periode die ik voor geen goud had willen missen. Nu mijn promotiedatum 
gepland staat en mijn manuscript is goedgekeurd door de beoordelingscommissie rest 
mij nog één taak. Dit proefschrift had nooit tot stand kunnen komen zonder de hulp 
en steun van vele mensen om mij heen en hier zou ik iedereen nadrukkelijk voor wil 
bedanken. Een aantal mensen wil ik in het bijzonder noemen:

Als eerste wil ik alle patiënten bedanken die belangeloos hebben deelgenomen aan 
mijn onderzoek en zonder wie dit boekje er niet had kunnen zijn. Ook wil ik mijn dank 
uitspreken richting alle vrijwilligers die vele – niet altijd even comfortabele – uren voor 
mij in de MRI-scanner hebben doorgebracht.

Prof. dr. Van den Bosch, beste Maurice, ik begon mijn promotie tijdens een hectische 
periode in jouw loopbaan waarin je je tijd moest verdelen over een groot aantal pro-
movendi. Toch was je de enige die mijn promotietraject geheel overzag en gaf je me op 
belangrijke momenten een zet in de goede richting als ik het juiste wetenschappelijke 
spoor bijster dreigde te raken. Ook was je er altijd als het er écht op aan kwam, zelfs op 
het moment dat ik bekende dat ik toch geen radioloog wilde worden… Dank daarvoor!

Prof. dr. Mali, beste professor, dankzij u mocht ik in 2010 starten met het HIFU-borst-
project. Ik ben u enorm dankbaar voor deze kans en heb bewondering voor de manier 
waarop u de researchafdeling geleid heeft. Ik hoop dat u nu aan het genieten bent van 
uw welverdiende pensioen!

Wilbert Bartels, tijdens mijn gehele promotietraject was jij betrokken bij alle projecten 
waar de technische aspecten van MRI of HIFU om de hoek kwamen kijken. Je was altijd 
zeer makkelijk benaderbaar en bereid om mee te denken over de opzet van een experi-
ment of artikel. Dank voor alle brainstormmomenten, je uitleg over de wondere wereld 
van MRI en je – altijd zeer nauwkeurige – commentaar op mijn manuscripten.

Roel Deckers, ook jou wil ik bedanken voor de samenwerking de afgelopen jaren. Je 
bent vanaf het begin van mijn promotietijd nauw betrokken geweest bij het HIFU-borst-
project en hebt je ingezet bij de ex vivo experimenten, het scannen van vrijwilligers en 
de behandeling van de eerste patiënten. Ook waardeer ik het dat ik altijd bij je kon 
aankloppen voor hulp bij analyses of wat extra uitleg.

Kenneth Gilhuijs, naar aanleiding van het werk van Erik, één van jouw masterstuden-
ten, kreeg ik de kans om een project onder jouw begeleiding af te ronden. Ik heb veel 
geleerd van de wijze waarop je mij begeleidde en waarbij tijd geen rol leek te spelen. 
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Erik, dankjewel voor de moeite die je hebt gedaan om dit project tot een goed einde te 
brengen!

Nicky Peters, dank voor je interesse in mijn onderzoek en je hulp bij de MR-HIFU-studie 
gedurende het jaar dat je als fellow in het UMC Utrecht werkte!

Lenny Verkooijen, bedankt voor de statische en epidemiologische begeleiding, in het 
bijzonder in het kader van het MONET-project.

Prof. dr. Moonen, beste Chrit, dank voor alle belangstelling en aanmoediging op 
momenten waarop we elkaar op de gang tegen het lijf liepen. Ik heb ontzettend veel 
bewondering voor jouw passie voor de wetenschap.

Prof. dr. Van Diest, beste Paul, hartelijk bedankt voor het beoordelen van alle coupes die ik 
je de afgelopen jaren heb voorgeschoteld en je enthousiasme voor het HIFU-borst-project.

Gerald Schubert, thank you for all your support during experiments and patient treat-
ments with the MR-HIFU breast platform, as well as your explanations about its – some-
times inimitable – miracles.

De leden van de beoordelingscommissie, prof. dr. Van Diest, prof. dr. ir. Lagendijk, prof. 
dr. Luijten, prof. dr. Moonen en prof. dr. Verheij wil ik hartelijk bedanken voor het lezen 
en beoordelen van mijn manuscript.

Binnen de divisie Beeld zijn er meerdere ondersteunende faciliteiten waar ik dankbaar 
gebruik van heb gemaakt. De 57000 wil ik bedanken voor het oplossen van menig acuut 
ICT-probleem en de afdeling fotografie is van onschatbare waarde geweest voor bijna 
alle figuren in dit proefschrift. Dank hiervoor! Ook het trialbureau ben ik vele malen bin-
nengelopen voor raad en advies. Met name Saskia wil ik bedanken voor al haar hulp met 
CRF’s, ABR-formulieren en andere METC-gerelateerde zaken. Ook Anneke wil ik expliciet 
bedanken voor het organiseren van alle logistiek rondom de MR-HIFU-studie: ik kon het 
zo gek niet bedenken of die scanplek of dat bedje was alweer geregeld!

De laboranten van het MR-HIFU-team wil ik hartelijk danken voor de fijne samenwerking. 
In het bijzonder wil ik Niels en Greet bedanken voor hun enorme inzet in de voorberei-
dende fase van de studie en tijdens de behandeling van de eerste patiënten!

Katya Duvivier en Ritse Mann, bedankt voor het doorworstelen en beoordelen van die 
enorme hoeveelheid MRI-scans die ik jullie voorzette!
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Alle mammaradiologen in het UMC Utrecht zou ik willen bedanken voor hun hulp bij de 
uitvoering van de MR-HIFU-studie.

Een bijzonder groot woord van dank wil ik uitspreken richting iedereen in het Diakones-
senhuis die mij heeft geholpen met het includeren van patiënten voor de MR-HIFU-
studie. Thijs van Dalen, zonder jouw enthousiasme en doorzettingsvermogen zou het 
echt onmogelijk zijn geweest om de studie te voltooien! Ook de overige chirurgen, 
radiologen en in het bijzonder de verpleegkundig specialisten wil ik enorm bedanken 
voor hun inzet. Marianne Deelen, ook jij bedankt voor al je hulp bij de uitvoering van 
de studie!

Floor, wat was ik blij toen ik hoorde dat jij mijn project over zou nemen als ik in opleiding 
zou gaan. Ik ben je erg dankbaar voor het afmaken van de studie en wens je heel veel 
(onderzoeks)succes toe de komende jaren! Ik blijf graag op de hoogte van de voortgang 
van het project!

Alle arts-onderzoekers van de afdeling radiologie wil ik bedanken voor de gezellige tijd 
die ik heb gehad. Ik vond jullie een ontzettend leuke groep en heb altijd veel plezier 
gehad tijdens gezamenlijke etentjes, borrels in de Basket, wintersport en congressen 
waar we samen zijn geweest!

Ook de 7T-onderzoekers op Q4 zou ik willen bedanken voor alle gezelligheid. Al hoorde 
ik officieel niet thuis in jullie groep, ik vond het fijn dat ik altijd aan mocht sluiten bij jullie 
pizza-avonden bij de scanner, BBQ’s of borrels!

Mijn opleiders in het UMCU en het RISO wil ik graag bedanken voor de tijd die ik kreeg 
om mijn proefschrift af te schrijven. Ernest en Sandrine, dank voor het overnemen van 
mijn poli op een moment dat ik het echt even niet meer zag zitten!

Mijn mede-AIOS van de radiotherapie en kamergenootjes in het RISO, bedankt voor 
jullie geduld bij het aanhoren van alle hoogte- en dieptepunten rondom het afmaken 
van mijn proefschrift!

Mijn kamergenootjes Mies, Anja, Bertine en Jill wil ik bedanken voor de gezellige tijd 
op onze meidenkamer op Q4. Dag in en dag uit waren wij op elkaar aangewezen en 
menig lief en leed hebben we met elkaar gedeeld, zowel op het werk als erbuiten. Ik ben 
jullie dankbaar voor alle koekjes- en taartmomenten, luisterende oren en peptalks en 
hoop dat we elkaar in de toekomst nog regelmatig zullen blijven zien! Ook Wouter wil ik 
bedanken voor zijn mannelijke gezelschap tijdens de laatste maanden.
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Lieve paranimfen, Bertine en Jill, ik ben vereerd dat jullie op deze bijzondere dag naast 
mij willen staan en wil jullie bedanken voor alle support. Ik vond het bijzonder om alle 
drie binnen zo’n korte tijd hetzelfde mee te maken en vond het superfijn dat ik af en toe 
mijn hart bij jullie mocht luchten!

In mijn privéleven heb ik het geluk veel mensen om mij heen te hebben die konden zorgen 
voor de broodnodige ontspanning op momenten dat ik de wetenschap even beu was.   
Velen van hen hebben mij in de laatste paar maanden geholpen met het lezen en re-
digeren van teksten en het afmaken van de voorkant van mijn boekje. Hiervoor zou ik 
iedereen heel erg willen bedanken!

Geneeskundebuddies, sinds het begin van de studie eten we maandelijks met elkaar 
en ruim tien jaar later houden we dit nog steeds vol. Ik word altijd erg blij van jullie 
gezelschap en hoop dat we deze traditie nog lang in ere kunnen houden!
Hoomies van de Abstederdijk, ik krijg al een glimlach op mijn gezicht als ik denk aan 
jullie chaotische gezelligheid of aan onze weekendjes weg. Wanneer gaan we weer naar 
Berlijn om te eindigen in de Weerribben?! Lies, al zien we elkaar niet meer elke dag zoals 
in het begin van mijn promotieperiode, toch ben ik nog steeds heel erg blij met onze 
vriendschap en al onze gezamenlijke vrienden J! Maandagavondvriendinnen, wat is 
het fijn om de week te beginnen met een etentje samen zodat we onze weekenden 
kunnen bespreken en lekker tegen elkaar kunnen spuien! Bonenvriendinnen, van tus-
sen de collegezalen tot onder de boom van Hippocrates, met jullie blijft het altijd leuk 
om een potje te spelen en ondertussen bij te praten! Ook andere vrienden die ik niet 
in een bepaalde categorie kan scharen wil ik bedanken voor alle gezelligheid tijdens 
filmavonden, etentjes, cocktails, spelletjes, salsa-avonden, wielrennen, wintersport of 
weekendjes weg!

Lieve papa en mama, bedankt voor jullie vertrouwen in mij en alle kansen die jullie mij 
hebben geboden. Het is zo fijn om te weten dat ik altijd op jullie terug kan vallen! Broer-
tje en zusje, dank voor jullie interesse in mijn onderzoek en alle gezellige momenten die 
we hebben mogen delen! Cees, Jenny en de rest van de familie Branderhorst, bedankt 
voor jullie hartelijke welkom in de familie: al zal ik altijd bij de ‘koude’ kant blijven horen, 
zo voelt het in ieder geval nooit!

Lieve Woutjan, als laatste wil ik jou bedanken voor al je hulp en aanmoediging. Je be-
greep precies wat ik doormaakte en wist me er altijd van te overtuigen dat het goed zou 
komen als ik het even niet meer zag zitten. Ik vind mezelf een geluksvogel dat ik mijn 
leven samen met jou mag delen en hoop dat nog heel lang te blijven doen!
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