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Introduction 

Breast cancer is the most frequently occurring malignant disease in women [1]. 
In The Netherlands more than 12.000 women are diagnosed and more than 
3000 women die of this disease every year [2,3]. There has been a tremendous 
change in the treatment of breast cancer. Beginning with the pioneering work 
of Halsted in the mid 1880s, radical mastectomy was the primary technique for 
breast cancer treatment (Figure 1). The ‘Halstedian’ theory proposed that breast 
cancer begins as a strictly local disease and that tumor cells spread over time 
in a contiguous manner through breast, chest wall, axillary and supraclavicular 
lymph nodes [4]. Even though the primary cancer site was well controlled with 
local aggressive surgery, disease continued to develop at distant sites in many 
women with breast cancer. 

Figure 1. Radical mastectomy 
according to Halsted, includes 
breast amputation, chest wall 
muscle resection and axillary 
lymph node dissection.

Figure 2. Lumpectomy as according to Fisher, 
includes local removal of the primary tumor.
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 Influenced by laboratory and clinical research, Dr. Bernard Fisher 
promulgated the ‘systemic’ view in the 1970s [5]. Contrary to the Halstedian 
theory, the blood stream was considered of importance in tumor dissemination. 
Breast cancer was divided in two distinct groups: tumors that have the ability 
to metastasize to distant sites and those that lack this ability [6]. This implicated 
that growth of distant metastases after local treatment had already occurred at 
the time of diagnosis, rather than that it was a consequence of local treatment 
failure. As such, a surgical procedure was proposed that focused solely on local 
removal of the primary tumor, e.g., lumpectomy (Figure 2). Subsequent clinical 
trials justified the use of breast conserving surgery and showed that improved 
survival could be achieved with additional whole breast irradiation after surgery 
when compared with breast-conserving surgery alone [7,8]. Since then breast 
conserving surgery in combination with whole breast irradiation has become 
gold standard for treatment of patients with focal breast cancer. 
 Parallel to this development, nationwide breast cancer screening programs 
were implemented in many Western countries in the 1990s [9]. This resulted in 
an increased diagnosis of early stage breast cancer [10]. “Early stage” invasive 
breast cancer is referred to as stages I or II and are generally smaller tumors 
that are not likely to have spread to distant sites. Breast conserving therapy, 
consisting of breast conserving surgery and whole breast irradiation, has 
shown to be an effective treatment for early stage breast cancers, with local 
recurrence rates of only 0.5-1% per year [11]. However, cosmetic outcome after 
breast conserving surgery is often disappointing and complications such as 
postoperative bleeding (2-10%) and infection (1-20%) can occur [12,13]. 
 Technical advances over the last decade have fuelled interest in less invasive 
treatments for early stage breast cancer. As the breast is located outside the 
thorax and there is no intervention of other organs, it is an ideal location 
for minimally invasive ablation techniques. Currently available minimally 
invasive techniques include radiofrequency ablation, cryoablation, laser 
ablation, microwave ablation and high-intensity focused ultrasound (HIFU) 
[14]. Compared with traditional surgical methods, minimally invasive ablation 
therapies may offer several advantages such as improved cosmetic outcome, 
decreased complication risk, reduced recovery time and hospital stay, and the 
ability to be performed under conscious sedation in an outpatient setting, all 
factors leading to significant cost reduction. 

High Intensity Focused Ultrasound (HIFU)

HIFU is one of the most attractive minimally invasive ablation therapies. With 
HIFU, ultrasound beams are generated by a piezoelectric transducer and 
propagated through tissue as a high-frequency pressure wave. By focusing the 
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ultrasound beams to a focal spot at a certain distance from its source, acoustic 
energy is converted to heat, and a sharp circumscribed lesion caused by thermal 
coagulation will be produced. It is a completely non-invasive technique, i.e., it 
requires no probe insertion, and tissue is coagulated without affecting the skin 
or surrounding tissues. As in all ablation techniques the change in temperature 
is used to lethally damage the intracellular proteins and DNA binding structures, 
thereby causing cell death [15].
 After the lethal effects of ultrasound waves were first studied in the beginning 
of last century, Lynn et al. discovered and proposed to focus ultrasound energy 
and to destroy tissue in a non-invasive way in 1942 [16]. It was recognized that 
the local rapid increase of temperature (greater than 56º C) during a certain 
time period generated by the sonications, could induce protein denaturation 
and coagulation necrosis and as a result cell damage. HIFU research continued 
in the field of neurosurgery, but the initial clinical success was hampered by 
practical and technological limitations including the lack of image guidance 
[17]. Then HIFU ablation was suggested to be used for destruction of other 
tissues, e.g., liver, and for the treatment of cancer in the 1970s and 1980s [18,19]. 
Animal studies followed where HIFU was used to treat experimentally induced 
tumors [20]. 
 Accurate monitoring of ablative treatment is an important factor for the 
clinical application of all minimally invasive treatments. Currently, treatment 
monitoring of HIFU is achieved by using either real-time ultrasound or MRI 
[21,22]. The idea to integrate HIFU with Magnetic Resonance Image (MRI) 
guidance was demonstrated in the 90s [22]. For breast cancer, MRI is the most 
sensitive technique for diagnosis and it is also the most accurate imaging 
modality for visualization and delineation of the -local- extent of invasive breast 
cancer [23]. Because MRI yields an excellent anatomical resolution and high 
sensitivity for tumor detection, if offers the most accurate treatment planning 
for tissue to be targeted. For MRI-guided HIFU treatment, the breast is an organ 
with an excellent soft-tissue window that is required for the ultrasound beam to 
reach the target volume and the breast can be easily immobilized. Furthermore, 
MR technology has the unique ability to acquire temperature-sensitive images 
that provide information about HIFU heat deposition in the targeted tissue [24].   

MRI-guided HIFU for breast cancer

There have been two applications described for MRI-guided HIFU as treatment 
technique of breast lesions. First, MRI-guided HIFU may be used for the 
treatment of benign lesions. Fibroadenomas often present as a palpable lump 
in a young patient and may cause breast deformity due to a large size, resulting 
in discomfort or emotional distress [25]. Treatment of fibroadenomas with MRI-
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guided HIFU reduces the volume of the lesion and improves cosmetic results 
without surgical incision [26]. Secondly, MRI-guided HIFU has been used for 
the treatment of breast cancer. However, several issues come into play, when 
malignant lesions are treated with curative intent by MRI-guided HIFU.
 To compete with breast-conserving surgery (BCS) in clinical practice, the 
design of MRI-guided HIFU ablation of breast cancer must proof to be equally 
effective, but with fewer complications and/or a better cosmetic outcome. In 
the last two decades MRI-guided HIFU for breast cancer treatment has been 
evaluated in a total of 8 studies. These studies all used different protocols, 
included different types and sizes of tumor, had different endpoints as well 
as different methods to measure outcome. When evaluating the 6 studies 
that used a treat-and-resect protocol [27-32], complete necrosis occurred in 
20% to 50% of the tumors. These relatively low success rates might have been 
due to technical failure, but also due to inadequate tumor delineation and/or 
suboptimal patient selection. It is beyond the scope of this thesis to address all 
the technical aspects of MRI-guided HIFU. The focus of this thesis is to assess the 
accuracy of MRI as an imaging modality for tumor delineation and to improve 
patient selection for a more successful HIFU treatment of breast cancer. 
 A minimal tumor-free margin of 10 mm around the index tumor is typically 
advised for BCS to minimize the risk for incomplete tumor excision [33]. For MRI-
guided HIFU, there are currently no guidelines for treatment margins. Moreover, 
no histopathology specimen will be available after MRI-guided HIFU treatment 
to obtain information about the tumor-free margins. Treatment success for MRI-
guided HIFU will therefore heavily depend on imaging. Information is needed 
about the accuracy of MRI to visualise the invasive tumor, its boundaries and 
surrounding disease spread within the breast. This might also indicate whether 
MRI-guided HIFU can be used as stand-alone treatment or whether the 
treatment should be combined with post-treatment whole breast irradiation as 
is also the case after BCS. Another important issue is patient selection. Success 
rates for MRI guided therapy might increase when only tumors are selected that 
are accurately visualised with MRI or tumors that show a compact growth, i.e., 
with no subclinical disease extensions. 
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Thesis outline

The overall purpose of this thesis was to establish the accuracy of breast MRI 
to implement HIFU treatment within the breast. This aim is pursued by the 
following means:

Part 1: Magnetic Resonance Imaging for breast cancer detection 
and characterisation 

Since the end of the last century, MRI is increasingly used for breast cancer 
detection. In general, MRI has shown a relatively high sensitivity and a moderate 
specificity for invasive breast cancer. Chapter 2 describes a study in which a 3 
Tesla MRI scanner is used to investigate the sensitivity and specificity for breast 
cancer detection. A vascular score is tested to improve the specificity.

Part 2: Magnetic Resonance Imaging for tumor delineation and 
patient selection

When MRI is used to guide and to plan minimally invasive treatment of breast 
cancer, information about the accuracy of MRI to visualise tumor extent is 
essential. The importance of margin assessment and an introduction for the 
MARGINS study is raised in chapter 3.
 In chapter 4 the results of the MARGINS II study are described. In this study 
pathology findings were reconstructed and correlated to the MRI-visible lesions 
in breast cancer patients who were treated with breast conserving therapy. 
Type, rate, quantity and distance of MRI-occult disease in breast cancer patients 
are obtained.
 For image guided minimally invasive techniques, it is important to select 
patients suitable for this treatment. In chapter 5 tumor characteristics on 
mammography, ultrasonography, MRI and final pathology were analysed for 
their prediction of disease spread beyond 10 mm from the MRI-visible lesion. 

Part 3: Magnetic Resonance Imaging guided High Intensity 
Focused Ultrasound

HIFU ablation has been used for treatment of breast lesions in the past decade. 
A review of the clinical studies that assessed the accuracy of HIFU ablation for 
treatment of breast cancer and their results are presented in chapter 6.
 A potential application of MRI-guided HIFU is to aid surgical resection of 
non-palpable lesions. The use of MRI-guided HIFU to localize and visualize non-
palpable tumors is described in chapter 7. In this experimental ex vivo study a 
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comparison was made between results of ‘tumor’ free margins after MRI-guided 
HIFU localization and the MRI guided wire localization.  
 In chapter 8, the clinical relevance of our findings are discussed and put 
into perspective. Finally, the future MRI-guided HIFU set-up for the treatment of 
breast lesions and applications are discussed. 



Introduction and thesis outline

17

References

1.  World Health Organization. “Fact sheet No. 297: Cancer”. Retrieved 2009-08-26. http://www.
who.int/mediacentre/factsheets/fs297/en/index.html

2.  Centraal Bureau voor de Statistiek. Voorburg/Heerlen. 2009
3.  Nederlandse Kankerregistratie www.ikcnet.nl. 2009
4.  Halsted WS (1907) I. The Results of Radical Operations for the Cure of Carcinoma of the Breast. 

Ann Surg 46:1-19
5.  Fisher B (1977) Biological and clinical considerations regarding the use of surgery and 

chemotherapy in the treatment of primary breast cancer. Cancer 40:574-587
6.  Fisher B (1980) Laboratory and clinical research in breast cancer--a personal adventure: the 

David A. Karnofsky memorial lecture. Cancer Res 40:3863-3874
7.  Early Breast Cancer Trialists’ Collaborative Group (2005) Effects of chemotherapy and 

hormonal therapy for early breast cancer on recurrence and 15-year survival: an overview of 
the randomised trials. Lancet 365:1687-1717

8.  Fisher B, Anderson S, Bryant J et al (2002) Twenty-year follow-up of a randomized trial 
comparing total mastectomy, lumpectomy, and lumpectomy plus irradiation for the 
treatment of invasive breast cancer. N Engl J Med 347:1233-1241

9.  Nystrom L, Andersson I, Bjurstam N et al (2002) Long-term effects of mammography 
screening: updated overview of the Swedish randomised trials. Lancet 359:909-919

10.  Fracheboud J, Otto SJ, van Dijck JA et al (2004) Decreased rates of advanced breast cancer due 
to mammography screening in The Netherlands. Br J Cancer 91:861-867

11.  Bartelink H, Horiot JC, Poortmans PM et al (2007) 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 25:3259-3265

12.  Wang HT, Barone CM, Steigelman MB et al (2008) Aesthetic outcomes in breast conservation 
therapy. Aesthet Surg J 28:165-170

13.  Vitug AF, Newman LA (2007) Complications in breast surgery. Surg Clin North Am 87:431-51
14.  Huston TL, Simmons RM (2005) Ablative therapies for the treatment of malignant diseases of 

the breast. Am J Surg 189:694-701
15.  Kennedy JE, Ter Haar GR, Cranston D (2003) High intensity focused ultrasound: surgery of the 

future? Br J Radiol 76:590-599
16.  Lynn JG, Zwemer RL, Chick AJ (1942) The biological application of focused ultrasound waves. 

Science 96:119-120
17.  Ballantine HT, Jr., Belle E, Manlapaz J (1960) Progress and problems in the neurological 

applications of focused ultrasound. J Neurosurg 17:858-876
18.  Taylor KJ, Connolly CC (1969) Differing hepatic lesions caused by the same dose of ultrasound. 

J Pathol 98:291-293
19.  Linke CA, Carstensen EL, Frizzell LA et al (1973) Localized tissue destruction by high-intensity 

focused ultrasound. Arch Surg 107:887-891
20.  Fry FJ, Johnson LK (1978) Tumor irradiation with intense ultrasound. Ultrasound Med Biol 

4:337-341
21.  Wu F, Wang ZB, Chen WZ et al (2004) Extracorporeal high intensity focused ultrasound 

ablation in the treatment of 1038 patients with solid carcinomas in China: an overview. 
Ultrason Sonochem 11:149-154

22.  Cline HE, Schenck JF, Hynynen K et al (1992) MR-guided focused ultrasound surgery. J Comput 
Assist Tomogr 16:956-965



Chapter 1

18

23.  Berg WA, Gutierrez L, NessAiver MS et al (2004) Diagnostic accuracy of mammography, clinical 
examination, US, and MR imaging in preoperative assessment of breast cancer. Radiology 
233:830-849

24.  Chung AH, Jolesz FA, Hynynen K (1999) Thermal dosimetry of a focused ultrasound beam in 
vivo by magnetic resonance imaging. Med Phys 26:2017-2026

25.  Greenberg R, Skornick Y, Kaplan O (1998) Management of breast fibroadenomas. J Gen Intern 
Med 13:640-645

26.  Hynynen K, Pomeroy O, Smith DN et al (2001) MR imaging-guided focused ultrasound surgery 
of fibroadenomas in the breast: a feasibility study. Radiology 219:176-185

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

28.  Gianfelice D, Khiat A, Amara M et al (2003) MR imaging-guided focused ultrasound surgery of 
breast cancer: correlation of dynamic contrast-enhanced MRI with histopathologic findings. 
Breast Cancer Res Treat 82:93-101

29.  Gianfelice D, Khiat A, Amara M et al (2003) MR imaging-guided focused US ablation of breast 
cancer: histopathologic assessment of effectiveness-- initial experience. Radiology 227:849-
855

30.  Zippel DB, Papa MZ (2005) The use of MR imaging guided focused ultrasound in breast cancer 
patients; a preliminary phase one study and review. Breast Cancer 12:32-38

31.  Khiat A, Gianfelice D, Amara M et al (2006) Influence of post-treatment delay on the evaluation 
of the response to focused ultrasound surgery of breast cancer by dynamic contrast enhanced 
MRI. Br J Radiol 79:308-314

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

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







Part 1
Magnetic Resonance Imaging 

for breast cancer detection 
and characterisation



Chapter 2



Contrast-enhanced 3.0-T breast 
MRI for characterization of breast 

lesions: increased specificity 
by using vascular maps

Schmitz AC, Peters NH, Veldhuis WB, Fernandez Gallardo AM, van Diest PJ, Stapper G, 
van Hillegersberg R, Mali WP, van den Bosch MA.

Eur Radiol. 2008 Feb;18(2):355-364.

Chapter 2



Chapter 2

24

Pa
rt

 1

Abstract 

Purpose

To assess the diagnostic accuracy of contrast-enhanced 3.0-T breast magnetic 
resonance imaging (MRI) for differentiating benign from malignant breast 
masses and subsequently to test if specificity could be further improved by 
scoring of the overall ipsilateral breast vascularity.

Materials and methods

Fifty-four patients were prospectively enrolled in the study and underwent 
contrast-enhanced 3.0-T breast MRI. MR images were evaluated and classified 
according to the MRI BI-RADS lexicon criteria. Lesion size, number of lesions, 
and localization in the breast were systematically assessed. Maximum 
intensity projections (MIPS) were obtained by using high-resolution contrast-
enhanced (0.1 mmol/kg gadobutrol) fat-saturated T1-weighted images. Breast 
vascularization was scored according to the methods from Sardanelli et al. by 
measuring the number, diameter, and length of the vessels on the MIPS. The 
score ranged from 0 (indicating absent or low breast vascularity) to 3 (indicating 
high breast vascularity).

Results

Final analysis of 56 lesions revealed 25 (45%) malignant lesions and 31 (55%) 
benign lesions. Correlation with the MRI BI-RADS classification revealed cancer 
in none (0%) of the BI-RADS II lesions, in 1 (12%) of the BI-RADS III lesions, in 5 
(83%) of the BI-RADS IV lesions, and in 19 (100%) of the BI-RADS V lesions. Based 
on morphologic and kinetic data analysis, the sensitivity and specificity of 3.0-T 
breast MRI was 100% (25/25) and 74% (23/31), respectively. After adjustment 
for the breast vascularity score, specificity significantly (p=0.048) increased to 
87% (27/31) without affecting sensitivity.

Conclusion

Diagnostic accuracy of contrast-enhanced 3.0-T breast MRI increased 
significantly when the vascularity score was added to the standard morphologic 
and kinetic data analysis, resulting in a specificity of 87% without affecting 
sensitivity, which remained 100%.
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Part 1

Introduction

Magnetic resonance imaging (MRI) of the breast has become a well-
established method for detection of invasive breast carcinoma. Compared with 
conventional mammography and ultrasound, MRI is the most accurate method 
for the detection of invasive breast cancer with sensitivity approaching 100%. 
Current clinical indications for breast MRI include analysis of indeterminate 
breast lesions detected with conventional imaging modalities, screening of 
women with high genetic-familial risk, preoperative staging of patients before 
surgery, and evaluation of response to neo-adjuvant chemotherapy [1–5]. To 
standardize analyses and reporting of breast MR images, the American College 
of Radiology Breast Imaging Reporting and Data System MR imaging (BI-RADS-
MRI) lexicon was developed [6, 7]. 
 However, the overall specificity of breast MRI has been relatively moderate, 
with values ranging from 37 to 88%, depending on the patient selection 
and imaging techniques used [8–14]. Because of the moderate specificity of 
breast MRI, clinically valuable advancements in breast MRI will be based on 
improvements of overall specificity, i.e., differentiation of benign lesions with 
enough certainty to avoid biopsy. One way to achieve this is by using a high 
spatial resolution imaging protocol in order to improve the morphologic 
analysis of enhancing lesions. The 3.0-T MRI systems, operating at higher field 
strength, offer a higher signal-to-noise ratio (SNR) than can be achieved by the 
commonly used 1.5-T MRI systems. This increased SNR at 3.0 T can be used to 
acquire maximum high-spatial resolution images within a fixed time period, 
enabling improved analysis of lesion morphology. 
 More recently, an ipsilateral association between cancer and increased 
breast vascularity has been demonstrated at contrast-enhanced breast MRI. 
Since, breast carcinomas rely on the process of neoangiogenesis and the 
development of a complex network of blood microvessels for their growth, 
increased vascularity can be detected by MRI within the breast cancer lesion 
and in the ipsilateral breast as a whole. As a consequence, it has been postulated 
that scoring of breast vascularity could be used to increase specificity of breast 
MRI [15–19]. 
 The purpose of this study was to assess the diagnostic accuracy of contrast-
enhanced 3.0-T breast MRI for differentiating benign from malignant breast 
masses. Furthermore, the effect of increased breast vascularity score on the 
overall sensitivity and specificity of 3.0-T breast MRI was determined.
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Materials and methods

Patients

A total of 54 consecutive women (mean age ± SD, 51.5 years ±13.6) were 
prospectively enrolled in the study between December 2005 and August 2006. 
Patients were referred for diagnostic contrast-enhanced 3.0-T breast MRI to 
clarify inconclusive clinical, mammographic and/or ultrasonographic findings 
(n=24), for preoperative staging (n=17), for follow-up after breast-conserving 
therapy (n=9), or for high familiar risk screening (n=4). Patients were excluded 
if they were younger than 18 years of age, were pregnant or lactating, were 
undergoing radiation therapy, chemotherapy, or anticancer hormonal therapy, 
or had contraindications to MR imaging. Written informed consent was obtained 
from all patients prior to the MRI examination. The study was performed in 
accordance with a protocol approved by our institutional panel.

Contrast-enhanced 3.0-T breast MRI

Breast MRI was performed on a 3.0-T clinical MR system (3.0-T Achieva, Philips 
Medical Systems, Best, the Netherlands). Patients were placed in prone position 
on a dedicated four-element SENSE-compatible phased-array bilateral breast 
coil (MRI devices, Würzburg, Germany) that was utilized for simultaneous 
imaging of both breasts. The high-spatial resolution scan protocol included an 
axial high-resolution T1-weighted fast gradient echo (HR-T1FFE) fat-suppressed 
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 an axial T2-weighted fat suppressed series 
(TE/TR 120/9,022 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 
0.66×0.66×2.00 mm3). Finally, dynamic fat suppressed axial high-resolution 
T1-weighted three-dimensional fast gradient echo images (3D-FFE) were 
acquired (TE/TR 1.3/3.4 ms; flip angle of 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); temporal resolution was 50 s per dynamic acquisition, with a total of 
six dynamic acquisitions, one obtained before and five obtained immediately 
after administration of a bolus injection of 0.1 mmol/kg gadobutrol (Gadovist; 
Schering AG, Berlin, Germany) followed by a 20-ml saline flush at an injection 
rate of 3 ml/s using an automatic injector.

Interpretation of breast MRI

Breast MR images were interpreted based on consensus view by two 
experienced breast radiologists. Conventional images were available 
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during interpretation, but readers were blinded to histopathologic results 
and indication for breast MRI. MR images were evaluated on an advantage 
workstation (Philips Viewforum, Best, the Netherlands). The MR images were 
interpreted following the guidelines of the MRI BI-RADS classification system 
proposed by the American College of Radiology [13]. Classification of the lesions 
was based on lesion morphology (lesion shape, margin, enhancement pattern) 
and enhancement kinetics (persistent, plateau, or washout). Level of suspicion 
was reported on a scale of I–V: I, normal; II, benign findings; III, probably benign; 
IV, suspicious for malignancy; V, highly suggestive of malignancy. Furthermore, 
maximum intensity projection (MIP) reconstructions were made from the 
first dynamic fat-suppressed axial high-resolution T1-weighted 3D-FFE series 
obtained directly after contrast-administration (first post-injection phase). MIP 
reconstructions of the breast were prepared and scored by using a one-on-one 
format, free windowing, electronic magnification, and distance measurement. 
According to the method previously reported by Sardanelli et al., the number of 
vessels was scored, and the length and maximum transverse diameter of vessels 
was measured on each MIP. The number of vessels in each breast that were 3 
cm or greater in length and 2 mm or greater in maximal transverse diameter 
was counted. A score of 0 indicated absent or very low vascularity, implying the 
complete absence of vessels or the presence of vessels less than 3 cm in length 
and less than 2 mm in maximal transverse diameter. A score of 1 indicated low 
vascularity, defined as only one vessel that was 3 cm or greater in length and 2 
mm or greater in maximal transverse diameter. A score of 2 indicated moderate 
vascularity, implying two to four vessels were 3 cm or greater in length and 
2 mm or greater in maximal transverse diameter. A score of 3 indicated high 
vascularity, i.e., five or more vessels that were 3 cm or greater in length and 2 
mm or greater in maximal transverse diameter [17]. 

Surgical management and follow-up 

In this study patients with lesions detected on breast MRI and characterized 
as probably benign finding (BI-RADS category III), as suspicious abnormality 
(BI-RADS category IV) or as highly suggestive of malignancy (BI-RADS 
category V) underwent image-guided large-core needle for tissue sampling 
of the lesion. Patient with lesions characterized as benign finding (BI-RADS 
category II), underwent MRI follow-up at 6 and 12 months. In all cases, second-
look ultrasound was performed to determine whether the “MRI-only” lesion 
was ultrasonographically evident and suitable for ultrasound-guided tissue 
sampling. If the lesion could not be visualized on second-look ultrasound, MRI-
guided large-core needle biopsy was performed. 
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 If histopathologic tissue analysis of the biopsy specimen confirmed the 
diagnosis of a malignancy, the patient underwent subsequently standard 
surgical care. The MR imaging findings of BI-RADS category III, IV and V were 
correlated with final histopathological results as gold standard. In case of 
a BI-RADS II lesion, the MRI analysis at 6 and 12 months were considered as 
gold standard. If the lesion had changed in characteristics or size during this 
period, MR breast biopsy of the lesion would have been performed. When the 
lesion was stable in size and characteristics during this period, the lesion was 
considered benign and the patient would return to their regular screening or 
evaluation program.

Statistical analysis

To evaluate the performance of contrast-enhanced 3.0-T breast MRI, BI-RADS II 
lesions were classified as “benign” and BI-RADS III-V lesions as “suspicious.” The 
sensitivity, specificity, positive predictive value, negative predictive value, and 
accuracy were calculated, after correlation with final results. Subsequently the 
effect of the Sardanelli vascularity score on the specificity of contrast-enhanced 
3.0-T breast MRI was assessed. A vascularity score of 0–1 was defined as “low 
breast vascularity,” whereas a score of 2–3 was defined as “increased breast 
vascularity.” All statistical analyses were performed by using SPSS version 
9.0 software package, and p<0.05 was considered to indicate a significant 
difference. The confidence intervals for sensitivity, specificity, positive and 
negative predictive values were calculated by using the chi-square test. The 
significant difference for vascularity scores between benign and malignant 
lesions was calculated by the Mann-Whitney test.

Results

A total of 54 women with 56 lesions underwent contrast-enhanced 3.0-T breast 
MRI. The MRI BI-RADS characteristics of all lesions are presented in Table 1. The 
final analysis of the 56 breast lesions revealed 25/56 (45%) malignant lesions 
and 31/56 (55%) benign lesions. Of the 25 cancers, 14 (56%) were invasive ductal 
carcinoma (IDC), 5 (20%) were invasive lobular carcinoma, 3 (12%) were ductal 
carcinoma in situ (DCIS), 2 (8%) were breast metastases of unknown primary, 1 
(4%) had mixed invasive lobular and ductal features. Of the 31 benign lesions, 
10 (31%) were fibroadenomas, 7 (23%) consisted of fibrocystic change, 7 (23%) 
were lymph nodes, and 7 (23%) consisted of adenosis. 
 The maximum lesion size ranged from 5 to 49 mm (median size ± SD, 11 
mm ± 8.1). According to the BIRADS criteria, of the 56 lesions, 23 (41%) were 
classified  as BI-RADS category II, 8 (14%) were classified as BIRADS category III, 
6 (11%) were classified as BI-RADS category IV, and 19 (34%) were classified as 
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BI-RADS category V. Cancer was found in none (0%) of the BIRADS II lesions, in 
1 (12%) of the BI-RADS III lesions, in 5 (83%) of the BI-RADS IV lesions, and in 19 
(100%) of the BI-RADS V lesions.
 Because 3.0-T breast MRI was positive in all malignant lesions (25/25), a 
sensitivity of 100% was achieved (95% confidence interval: 83%–100%). MRI 
was negative in 23 of 31 benign lesions, resulting in a specificity of 74% (95% 
confidence interval: 59%–89%). The positive predictive value of contrast-
enhanced 3.0-T breast MRI was 76% (95% confidence interval: 61%–90%), the 
negative predictive value was 100% (95% confidence interval: 87%–100%), and 
the accuracy was 86% (95% confidence interval 76%–95%) (Table 2).

Table 2. Distribution of false- and true- positive and true-negative results based on pathologic 
diagnosis and MRI categories.“Positive MRIs” are suspicious MRI findings including BI-RADS III-V
lesions; “negative MRIs” are benign MRI findings including BIRADS II lesions

Test Result Disease + Disease - Total

Positive MRI 25 (TP) 8 (FP) 33

Negative MRI 0 (FN) 23 (TN) 23

Total 25 31 56

Parameter Formula N Value

Sensitivity TP/(TP + FN) 25/(25+0) 1.00

Specificity TN/(TN + FP) 23/(23+8) 0.74

PPV TP/(TP + FP) 25/(25+8) 0.76

NPV TN/(TN + FN) 23/(23+0) 1.00

Accuracy (TP + TN) / total (25+23) / 56 0.86

* FN indicates false negative; FP, false positive; TN, true negative; TP, true positive

 As is presented in Table 3, a correlation between the breast vascularity and 
the presence of cancer within the breast was found. No cancer (0%) was present 
in breasts with absent or very low vascularity (Sardanelli category 0), 2 cancers 
(13%) in breast with low vascularity (Sardanelli category 1), 19 cancers (59%) in 
breast with moderate vascularity (Sardanelli category 2), and 4 cancers (100%) 
in breast with high vascularity (Sardanelli category 3).
 The mean number of vessels ± SD per breast in the malignant cases was 
3.2±1.3, compared with 1.5±1.1 vessels per breast in benign cases (p<0.001). 
In the contralateral breast the mean number of vessels ± SD for malignant and 
benign lesions was 1.7±0.9 and 1.3±0.9, respectively. Four patients could not be 
analysed because they had breast cancer in both breasts (n=2) or had previous 
mastectomy of the contralateral breast (n=2).
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Table 3. Distribution of benign and malignant lesions according to Sardanelli score on contrast-
enhanced breast MRI

Sardanelli score Category 0 Category 1 Category 2 Category 3 Total

Benign, n (%) 5 (100%) 13 (87%) 13 (41%) 0 (0%) 31 (55%)

Malignant, n (%) 0 (0%) 2 (13%) 19 (59%) 4 (100%) 25 (45%)

Total 5 15 32 4 56

Test Result Disease + Disease - Total

Positive (2+3) 23 (TP) 13 (FP) 36

Negative (0+1) 2 (FN) 18 (TN) 20

Total 25 31 56

Parameter Formula N Value

Sensitivity TP/(TP + FN) 23/(25) 0.92

Specificity TN/(TN + FP) 18/(31) 0.58

PPV TP/(TP + FP) 23/(36) 0.88

NPV TN/(TN + FN) 18/(20) 0.90

Accuracy (TP + TN)/total (41)/56 0.73

* FN indicates false negative; FP, false positive; TN, true negative; TP, true positive  

We didn’t find a correlation between the breast tumor dimension on MRI and the 
amount of breast vascularity. We divided the cases in groups smaller or larger 
than 15 mm (mean tumor size). The mean number of vessels ± SD for malignant 
cases smaller or larger than 15 mm was 3.6±1.0 and 2.9±1.4, respectively. 
The mean number of vessels ± SD for benign cases smaller or larger than 15 mm 
was 1.5±1.1 and 1.4±0.8, respectively. 
 The correlation between breast vascularity and BIRADS classification is 
presented in Table 4. High breast vascularity on MRI (Sardanelli score category 
3) was only detected in patients with BI-RADS V lesions (100%) in the ipsilateral 
breast. Additionally, absent to very low breast vascularity was only detected in 
patients with BI-RADS II (80%) or BI-RADS III (20%) lesions. 

Table 4. Distribution of breast vascularity (Sardanelli score) according to BI-RADS categories

Category 0 Category 1 Category 2 Category 3 Total

BI-RADS II 4 (80%) 12 (80%) 7 (22%) 0 (0%) 23

BI-RADS III 1 (20%) 2 (13%) 5 (16%) 0 (0%) 8

BI-RADS IV 0 (0%) 1 (7%) 5 (16%) 0 (0%) 6

BI-RADS V 0 (0%) 0 (0%) 15 (46%) 4 (100%) 19

Total 5 15 32 4 56
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When the breast vascularity score was used in patients with a previous 
positive breast MRI (BI-RADS score III–V) and patients with a low vascularity 
score (Sardanelli category 0–1) were subsequently down-staged to negative 
breast MRI, three BI-RADS III cases and one BI-RADS IV case that proved to be 
benign on pathology were correctly down-staged (Table 4). No benign lesions 
were “falsely” up-staged towards malignancy based on the vascularity score, 
resulting in a sensitivity of 25/25: 100% (95% confidence interval: 83%–100%), 
significantly (p=0.048) increased specificity of 27/31: 87% (95% confidence 
interval: 75%–99%), an increased positive predictive value of 25/29: 86% (95% 
confidence interval: 74%–99%), a negative predictive value of 27/27: 100% 
(95% confidence interval: 85%–100%), and the accuracy increased towards 93% 
(95% confidence interval 86%–100%).

Discussion

In this prospective study we assessed the diagnostic accuracy of contrast-
enhanced 3.0-T breast MRI for detection of breast cancer. The sensitivity, 
specificity and accuracy of contrast-enhanced 3.0-T breast MRI for 
differentiating benign from malignant breast masses were 100%, 74%, and 
86%, respectively. Although our cohort is small and more research has to be 
done, these results seem favorably compared with the results of prior studies 
assessing the diagnostic accuracy of 1.5-T breast MRI [8–27]. In general 
these studies reported equal high sensitivities, ranging from 93%–100%, but 
rather moderate specificities, with values ranging from 37% to 86%. One of 
the largest studies was reported in 1999 by Fischer et al. [11], including 463 
patients with 127 benign lesions and 405 malignancies. Sensitivity, specificity, 
and diagnostic accuracy for contrast-enhanced 1.5-T breast MRI were 93%, 
65%, and 85%, respectively. In a more recent multicenter study conducted by 
Lehman et al. [14], specificity of 88% and sensitivity of 91% was found for MRI 
evaluation of the contralateral breast in 969 patients diagnosed with unilateral 
breast cancer. They suggest that the overall high accuracy of MRI may reflect 
improved technology or improved interpretation of the results, following the 
guidelines of the MRI BI-RADS classification system, especially in regard to how 
to distinguish benign from malignant patterns of enhancement on MRI scans.
 However, to date, because of relatively moderate specificity, breast MRI is 
clinically always used as adjunct to conventional mammography. The additional 
value of breast MRI is caused by its high sensitivity and its subsequent capacity 
to detect mammographically occult multifocal and multicentric disease in 
patients already diagnosed with breast cancer (preoperative staging), for 
depicting breast cancer in dense breasts tissue, for high risk screening, and 
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for evaluation of response to neo-adjuvant chemotherapy [1–5]. Furthermore, 
the diagnostic performance of breast MRI is not sufficiently high to replace 
large-core needle biopsy for a definitive diagnosis of suspicious breast lesions. 
Clinically valuable advancements in breast MRI will be based on improvements 
of overall specificity, i.e., differentiation of benign lesions with enough certainty 
to avoid biopsy. 
 For this study we used a 3.0-T clinical MR system and focused on two 
strategies to maximize specificity. At first we used high-spatial resolution 
imaging for improved morphologic analysis of enhancing lesions. Operating at 
higher field strength, 3.0-T MRI systems offer a higher signal-to-noise ratio (SNR) 
than can be achieved by the commonly used 1.5-T MRI systems. This increased 
SNR at 3.0-T can be used to acquire maximum high-spatial resolution images 
within a fixed time period, enabling improved morphologic classification 
of the lesions. Kuhl et al. [28] recently compared 3.0-T breast MRI findings to 
1.5-T breast MR images in the same patients. They included 37 women with a 
total of 53 lesions (25 malignancies and 28 benign lesions) and reported that 
40/51 (78%) lesions were scored identical according to BIRADS categories. 
There was in a difference in classification of 11 lesions in 10 patients, whereas 
the higher spatial resolution that was attainable at 3.0-T improved analysis 
and classification of these lesions compared to pathology. In four patients, 
for example, septations within fibroadenomas were not resolved at 1.5-T MRI 
that did resolve at 3.0-T MRI, and therefore were correctly classified as BIRADS 
category II after 3.0-T MRI.
 Kuhl et al. [28] also proved that image quality was slightly, but significantly 
higher at 3.0 T than at 1.5 T. We used a comparable high-resolution protocol in 
our study, which resulted in a sensitivity, specificity, and diagnostic accuracy 
of 100%, 74%, and 86%, respectively. Implying that all cancers, including three 
pure DCIS cases, were correctly identified by using contrast-enhanced 3.0-
T breast MR imaging, there were no false-negative results. Because we used 
the MRI BI-RADS criteria for MR image interpretation and classification of the 
lesions, as presented in Table 1, we believe the results are representative for 
current state-of-the art contrast-enhanced 3.0-T breast MRI. However, the high-
resolution protocol still resulted in a rather moderate specificity of 74%. There 
where eight false-positive cases in this study including fibrocystic change (n=4), 
lymph nodes (n=2), and adenosis (n=2). 
 We subsequently tested if specificity could be further improved by scoring 
of the overall ipsilateral breast vascularity. Recently, several studies have 
reported an association between presence of breast cancer and increased 
ipsilateral breast vascularity, and concluded that increased breast vascularity 
can potentially be used to increase the specificity of the breast MRI examination. 
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Mahfouz et al. [15] included 106 consecutive patients (85 malignant lesions and 
21 benign lesions) who underwent contrast-enhanced 1.5-T breast MRI after 
administration of 0.20 mmol/kg gadopentetate dimeglumine and obtained 
sensitivity, specificity, accuracy, and positive and negative predictive values of 
77% (65/85 patients), 57% (12/21 patients), 73% (77/106 patients), 88% (65/74 
patients), and 38% (12/32 patients), respectively, based on asymmetric vascular 
maps, with increased breast vascularity detected in the breast with malignant 
neoplasm. Carriero et al. [18] investigated the association between breast 
cancer and increased ipsilateral breast vascularity in 101 patients, with 78 
malignant and 23 benign breast lesions, after administration of 0.10 mmol/kg 
gadopentetate dimeglumine, and found a statistically significant relationship, 
with reported sensitivity of 72% (56/78 patients), specificity of 100% (23/23 
patients), diagnostic accuracy of 78% (79/101 patients), positive predictive value 
of 100% (56/56 patients), and negative predictive value of 51% (23/45 patients). 
Most recently, Sardanelli et al. [17] retrospectively evaluated the presence of 
one-sided increased breast vascularity detected on contrast-enhanced MR 
images as an indicator of ipsilateral breast cancer. They used T1-weighted 
gradient-echo MR images acquired before and after intravenous contrast 
material injection. Subtracted images were used to obtain maximum intensity 
projections (MIPs). They scored breast vascularity on these MIPs and reported 
an overall sensitivity, specificity, accuracy, and positive and negative predictive 
value of one-sided increased vascularity as a finding of ipsilateral malignancy 
of 88% (44 of 50 patients), 82%(14 of 17 patients), 87%(58 of 67 patients), 94% 
(44 of 47 patients), and 70% (14 of 20 patients), respectively. Furthermore, they 
tested different types and doses of contrast material including 0.05, 0.10, and 
0.20 mmol/kg gadobenate dimeglumine, and 0.10 mmol/kg gadopentetate 
dimeglumine, and concluded that gadobenate dimeglumine is effective for MR 
imaging evaluation of breast vessels at doses as low as 0.05 mmol/kg.
 In accordance with these previous studies, we administrated a bolus 
injection of 0.1 mmol/kg gadobutrol (Gadovist; Schering AG, Berlin, Germany), 
which is a commercially available 1-M gadolinium-chelate [15, 17, 18, 29]. 
Recent comparative studies of gadobutrol and gadopentetate dimeglumine 
have demonstrated that gadobutrol showed higher contrast efficacy for MR 
angiography 360 compared to conventional gadopentetate dimeglumine, 
even when using equimolar dosages for both agents [30, 31].  
 Typical MIP images obtained by post-processing of the contrast-enhanced 
fat-suppressed images reveal not only the presence of enhancing lesions, 
but also the angiographic vascular map of vessels within the breast, allowing 
evaluation of breast arteries and veins on a routine basis. Because the acquisition 
time of each sequence in the dynamic MRI study is usually around 60 s, the first 
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postinjection phase, as we used in our study, is generally the most suitable for 
angiographic evaluation. Our experience revealed that contrast-enhanced 3.0-
T breast MRI with gadobutrol at the dose of 0.10 mmol/kg enables high quality 
vascular maps of the breast, and an association between one-sided increased 
vascularity and ipsilateral breast cancer was found.
 The mean number of vessels per breast in malignant cases was 3.2, compared 
with 1.5 vessels per breast in benign cases (p<0.001). These results show that 
there is a significant association between one-sided increased vascularity and 
ipsilateral breast cancer. In the contralateral breast of the malignant and benign 
cases the mean number of vessels was 1.7 and 1.3, respectively. Although the 
total number of vessels in the contralateral breast is relatively lower than those 
of the ipsilateral breast, we do estimate that breast vascularity is slightly higher 
in the contralateral breast in cases with ipsilateral breast cancer than in those 
with ipsilateral benign findings. We hypothesize that angiogenetic stimulation 
by the ipsilateral tumor not only stimulates one breast, but might stimulate 
both, or even that higher breast vascularization might be a risk factor for the 
development of breast cancer. There is no literature describing or confirming 
this phenomenon. 
 We didn’t find a correlation between the breast tumor dimension and the 
amount of breast vascularity, which is in agreement with the study results of 
Sardanelli et al. [17]. It is hypothesized that ipsilateral breast vascular prevalence, 
in association with cancer, may be due to or a combination of reduced flow 
resistance in tumor vessels, the tumor’s higher metabolism, and angiogenic 
stimulation of the whole breast, the latter being even more likely when the 
cancer is small. When the breast vascularity score was used in patients with 
a previous positive breast MRI (BI-RADS score III–IV) and patients with a low 
vascularity score (Sardanelli category 0–1) were subsequently down-staged to 
negative breast MRI, three BI-RADS III cases and one BI-RADS IV case that proved 
to be benign on pathology were correctly down-staged. No benign lesions were 
“falsely” up-staged towards malignancy based on the vascularity score, resulting 
in a sensitivity of 100% (25/25 patients) and a significantly increased specificity 
of 87% (27/31 patients); correspondingly diagnostic accuracy was increased 
towards 93%. These results imply that standardized scoring of ipsilateral breast 
vascularity in addition to standard morphologic and kinetic criteria as defined 
in the MRI BI-RADS lexicon increases the specificity of contrast-enhanced breast 
MRI without affecting sensitivity. 
 This is an ongoing project, and the size of the population is small, which is an 
obvious limitation of the study. For example, no subgroup analyses to calculate 
sensitivity and specificity for detection of different disease entities could be 
performed because of the lack of power. Also, this study included a relatively 
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low percentage of DCIS cases (3/25=12%), which could have favored our results 
on sensitivity. No histopathological tissue analysis was performed for BI-RADS II 
lesions, and false-negative lesions could have been missed. However, this study 
group did allow us to assess the diagnostic accuracy of contrast-enhanced 3.0-
T breast MRI for detection of invasive breast cancer and compare the results to 
those of previous studies focusing on 1.5-T breast MRI. 
 Second, the evaluation of breast vascular maps was performed without 
masking the enhancing lesions. This may have introduced some bias in terms 
of the assessment of side-based prevalence of breast vascularity, it should be 
noticed that the evaluation procedure was similar to that performed daily in 
routine clinical practice. 

Conclusion

This is one of the first prospective studies to assess the diagnostic accuracy of 
contrast-enhanced 3.0-T breast MRI for detection ofmalignant breast cancer. 
Standard morphologic and kinetic lesion analysis resulted in a sensitivity, 
specificity, and accuracy of 100%, 74%, and 86%, respectively. Furthermore, 
when breast vascularity was systematically scored according to the Sardanelli 
method, we found a significant association between one-sided increased 
vascularity and ipsilateral breast cancer, with a mean of 3.2 vessels per breast 
in malignant cases and 1.5 vessels per breast in benign cases. Most important, 
the diagnostic accuracy of contrast-enhanced 3.0-T breast MRI increased 
significantly when the vascularity score was added to standard morphologic 
and kinetic criteria, resulting in an increased specificity of 87% without affecting 
sensitivity, which remained 100%.
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Figure 1. Patient with a palpable lump in the left breast. Axial fat-suppressed contrast-enhanced 
3D-T1-FFE image revealed a 13x16mm irregular speculated mass in the upper-outer quadrant of 
the left breast (a), with suspicious enhancement kinetics, i.e. rapid wash-in of contrast in the initial 
phase, followed by wash-out of contrast in the post-initial phase (b), the mass was classified as 
a BI-RADS category V lesion. According to the Sardanelli method 5 vessels were scored greater 
than 3 cm in length or greater than 2mm in transverse diameter, resulting in a Sardanelli score 
of 3 indicating high vascularity (c). Mark the difference in vascularity between the ipsilateral and 
the contralateral breast (d). Final histopathologic analysis of the lesion revealed infiltrating ductal 
carcinoma. 

a

c

b

d
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Figure 2.  Patient who underwent breast MRI because of high-risk screening. Axial fat-suppressed 
contrast-enhanced 3D-T1-FFE image showed a 5x5mm oval mass with irregular margins in the 
upper-outer quadrant of the left breast (a), with benign enhancement kinetics, i.e. continuous 
gradual wash-in of contrast in both the initial and post-initial phase (b), because of its irregular 
margins the mass was classified as a BI-RADS category III lesion. According to the Sardanelli method 
1 vessel was scored greater than 3 cm in length or greater than 2mm in transverse diameter, 
resulting in a Sardanelli score of 1 indicating low vascularity (c, d). Final histopathologic analysis of 
the lesion revealed sclerosing adenosis. 

a

c

b

d
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We read with interest the recent article by William G. Bradley [1] on MR-guided 
focused  ultrasound (MRgFUS) as a potentially disruptive technology. Dr Bradley 
described MRgFUS as a technical innovation that can overturn the existing 
dominant technology (ie, surgery) in the market. We believe, however, that to 
compete with surgery for the treatment of malignant tumors in clinical practice, 
one important issue has been overlooked in the current literature: the ability to 
perform accurate, noninvasive margin assessment before and after MRgFUS.
 Currently, most research with MRgFUS has been performed in patients with 
benign lesions (uterine fibroid tumors and breast fibroadenomas) [2,3]. The 
overall goal of the treatment of benign lesions is tumor debulking and relief 
of symptoms. When malignant lesions are treated with curative intent, several 
other factors come into play, of which the most important is how to assess 
tumor “margins” before and after treatment. To date, studies of MRgFUS for 
the treatment of malignant tumors have used treat-and-resect protocols and 
were designed to assess local treatment efficacy and safety [4]. However, when 
surgical excision is not performed after MRgFUS, there should be a noninvasive 
imaging technique available that can detect disease spread with high accuracy 
at the cellular level. 
 For example, in the breast, MRI has been shown to be the most accurate 
imaging modality to visualize tumor extent [5]. However, even when MRI is 
preoperatively used to select patients with small T1 tumors (<2 cm) that are 
suitable for breast-conserving surgery, additional microscopic tumor foci are 
frequently found outside the primary invasive tumors. With a margin of 10 
mm around an invasive tumor, microscopic disease can be found in >50% of 
excision specimens [6]. Microscopic disease spread around the primary tumor is 
the cause of the relatively high percentage of patients (20%-30%) who undergo 
breast-conserving surgery but need additional reexcision or conversion toward 
mastectomy because of positive margins. If MRgFUS is to compete with surgery 
for the noninvasive treatment of focal malignant breast tumors, preprocedural 
information on the extent of the primary invasive tumor and its surrounding 
microscopic foci is important to determine treatment margins. Additionally, 
the noninvasive assessment of treatment margins after MRgFUS is critical in 
the detection of possible residual disease and in ensuring the treatment of all 
disease in the breast. 
 The accuracy of MRI to detect microscopic disease spread around the 
primary tumor in patients with breast cancer has not been assessed yet. We 
are currently performing a study ([MARGINS II] Multi- Modality Analysis and 
Radiological Guidance In Breast Conserving Therapy) to assess the use of 
breast MRI for the visualization of invasive breast cancer and its surrounding 
microscopic disease. The purposes of the study are to correlate MRI with 
histopathology and to establish the rate, distance, and quantity of MRI-occult 
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disease in patients with breast cancer. The results of the study can be used to 
determine treatment margins around the primary tumor when focal therapy 
(e.g., MRgFUS) is used for the treatment of patients with breast cancer with 
curative intent.
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Abstract

Background

Magnetic Resonance Imaging (MRI) is more often considered to guide, evaluate 
or select patients for partial breast irradiation (PBI) or minimally invasive 
therapy. Safe treatment margins around the MRI-visible lesion (MRI-GTV) are 
needed to account for surrounding subclinical occult disease.

Purpose

To precisely compare MRI findings with histopathology, and to obtain detailed 
knowledge about type, rate, quantity and distance of occult disease around the 
MRI-GTV.

Methods and Materials

Patients undergoing MRI and breast-conserving therapy were prospectively 
included. The wide-local excisions were subjected to detailed microscopic 
examination. The size of the invasive (index) tumor was compared with the MRI-
GTV. The gross tumor volume (GTV) was defined as the pre-treatment visible 
lesion. Subclinical tumor foci were reconstructed at various distances to the 
MRI-GTV.

Results

Sixty-two patients (64 breasts) were included. The mean size difference between 
MRI-GTV and the index tumor was 1.3 mm. Subclinical disease occurred in 52% 
and 25% of the specimens at distances ≥ 10mm and ≥ 20mm, respectively, from 
the MRI-GTV.

Conclusion

For MRI-guided minimally invasive therapy, typical treatment margins of 10 
mm around the MRI-GTV may include occult disease in 48% of patients. When 
surgery achieves a 10 mm tumor-free margin around the MRI-GTV, radiotherapy 
to the tumor bed may require clinical target volume margins >10 mm in up to 
one-fourth of the patients.
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Introduction

In the past decades, new techniques for the treatment of breast cancer 
have evolved [1-5]. After randomized studies demonstrated similar survival 
rates for radical mastectomy and breast-conserving surgery combined with 
radiotherapy, the latter became the standard of treatment for patients with 
localized breast cancer [1;2]. Technological advances have fuelled interest 
in even more localized therapy such as partial breast irradiation (PBI) and 
minimally invasive image-guided ablation techniques [3-5]. 
 Magnetic Resonance Imaging (MRI) provides high-resolution imaging in 
any orientation and can be used for guiding, monitoring and evaluating the 
effects of these new treatments. Furthermore, MRI has shown superior ability 
to visualize the extent of invasive breast cancer compared to other imaging 
modalities [6-9]. Because of these abilities, MRI is more often considered to 
select patients eligible for breast conserving surgery and radiotherapy [10-
13]. Although preoperative MRI has been debated for its associated increase in 
mastectomy rates [14], new paradigms have emerged aimed at reducing treated 
volumes for precise minimally invasive MRI-guided therapy [15-17]. Conversely, 
studies have shown that MRI has a lower ability to detect disease components 
beyond the edges of the invasive index tumor, i.e., foci of ductal carcinoma in 
situ (DCIS) [18;19]. Precise knowledge about the prevalence of these occult 
disease components at various distances to the MRI-visible lesion is currently 
lacking. This information is essential when minimally invasive therapy such as 
high-intensity focused ultrasound (HIFU) is planned or guided on the basis of 
MRI [20]. Furthermore, validation of microscopic disease in the clinical target 
volume (CTV) margins for PBI after MRI-directed surgery is currently lacking. 
Reported CTV margins vary widely, and may be as small as 10 mm [21-23]. 
 The purpose of this study is to precisely compare MRI findings with 
histopathology and to establish type, rate, quantity and distance of occult 
tumor foci around the MRI-visible lesion in patients with localized breast cancer. 

Materials and methods

The study was performed after approval of the institutional review board and 
written informed consent of all patients. In 2000, the MARGINS (Multi-modality 
Analysis and Radiogical Guidance IN breast conServing therapy) study started 
at our hospital. The purpose of this prospective study was to investigate the 
use of conventional imaging in combination with MRI to improve the definition 
of the extent and localization of the tumor. All women with pathology-proven 
breast cancer eligible for BCT on the basis of conventional imaging and clinical 
examination were recruited for an additional preoperative breast MRI. In the 
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current study, patients were recruited from the MARGINS study between January 
2003 and May 2005 to undergo additional and more extensive pathology 
assessment of the tissue after breast-conserving surgery. Given the workload 
of the analyses and the limited capacity of our Pathology department, 62 of 
224 (28%) MARGINS patients were randomly selected for the current study in 
this period. The analyses of the pathology for patients outside this study was 
performed using a standard protocol [10]. 
 Patients were included if they were diagnosed with invasive breast carcinoma 
(after fine-needle aspiration (FNA) cytology or 14-gauge core biopsy) and if they 
were eligible for breast-conserving therapy (BCT) after conventional breast 
imaging and contrast-enhanced MRI. No selection was made based on nodal 
status and tumor grade. Women who underwent chemo-or hormone therapy 
prior to surgery, and women with only primary DCIS on core biopsies were 
excluded. The decision for BCT was made in consensus by a multidisciplinary 
team of breast cancer specialists and was based on conventional workup by 
clinical examination, mammography and ultrasound, as well as by contrast-
enhanced MRI. Tumor extent and multifocality were evaluated on all imaging 
modalities and considered when the advice for treatment was established. 
Prospective guidelines were used to manage additional findings on MRI 
[10;24]. In short, if additional findings were sufficiently close to the index lesion 
to maintain eligibility for BCT, a wide-local excision (WLE) was performed to 
include the additional finding. If pathology confirmed malignant disease 
over a larger region than acceptable for BCT, a conversion to neo-adjuvant 
chemotherapy or mastectomy was advised (approximately 9% of patients in 
the MARGINS study [10]). If pathology proof could not be obtained, BCT was 
advised with annual follow-up. The final treatment plan was implemented after 
consultation with the patient. 

MR Imaging

MRI was performed with a 1.5-T scanner (Magnetom, Siemens Medical Systems, 
Erlangen, Germany) using a coronal FLASH (fast low-angle shot)-3D acquisition 
technique. The following MRI parameters were used: T1-weighted sequence, 
TR 8.1ms, TE 4.0ms, reconstructed in-plane matrix: 256x256, voxel size of 
1.3x1.3x1.3mm3, no fat suppression. Patients were positioned prone and both 
breasts were imaged using a dedicated phased-array bilateral breast coil. One 
series was acquired before and four series after intravenous injection of a bolus 
of contrast agent (ProHance, Bracco-Byk Gulden, Konstanz Germany; 0.1 mmol/
kg body-weight) followed by a 30-ml saline flush using an automatic injector 
(3mL/sec). The series were acquired at intervals of 120 seconds. Subtraction 
images were automatically computed by subtracting the pre-contrast images 
from the first post-contrast images. 
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 MRI scans were read and scored independently by a team of radiologists 
experienced in breast MR-imaging. MRI was performed within 2 weeks after 
biopsy or fine-needle-aspiration. The radiologist was aware of timing and type 
of biopsy technique and took it in account in the assessment of the images. 
Both mammography- and ultrasound images, as well as findings of FNA or 
biopsy, were available when MR images were read. 
 Radiological reading of MR images was performed according to the MRI 
BI-RADS criteria using temporal as well as morphological characteristics of 
contrast uptake [25]. On a viewing station, subtraction images were reformatted 
and linked in three perpendicular planar views (coronal, transversal/axial, and 
sagittal) [26]. 
 Tumor diameter (millimeters (mm)) was measured in all three planes, using 
information from the subtraction images and maximum intensity projections 
(MIPs). The largest diameter was recorded. If more than one suspicious lesion 
was visible, the largest diameter of the total area, including normal breast tissue 
between the lesions, was measured. 
 Breasts were excluded from further analyses if the tumor was not visible on 
MRI or MR images suffered from severe motion artifacts (3 cases). 

Correlating pathology to MRI 

All patients underwent WLE [2;27], based on results of mammography, 
ultrasound and MRI. WLE was performed by dedicated breast surgeons with 
an intended circumferential margin of at least 1cm, typically extending from 
skin to basal fascia. An extended fixed protocol, comparable to the approach 
reported by Egan et al [28], was used to analyze histological findings and to 
correlate them to MRI findings. To indicate the original orientation in the breast 
and to accurate ensure anatomic marking, the WLE was marked with sutures and 
the cut edges were inked with different colors. These different colors indicated 
the direction of the pectoral muscle, the nipple, and the third orthogonal 
direction. The specimen was chilled and sectioned into 4-mm parallel slices. 
After fixation, the slices were sealed in a vacuum-locked transparent bag 
and imaged by conventional X-ray radiography (specimen radiograph). Each 
slice was completely embedded using multiple paraffin blocks. The location 
of each section was annotated to facilitate spatial reconstruction of findings. 
Subsequently, the sections were subjected to detailed microscopic examination.
 Two pathologists experienced in breast pathology, reviewed the histology 
slides. They indicated tumor distribution by recording: (1) The outline of the 
index tumor (primary invasive tumor bulk) and (2) The location and extent of 
surrounding microscopic tumor foci, i.e. invasive foci, ductal carcinoma in situ 
and lymphatic emboli. 
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1. Index tumor: The histological type, grade and largest diameter (mm), were 
recorded. Histological type was categorized as invasive ductal carcinoma 
(IDC), invasive lobular carcinoma (ILC), or ‘other’ (e.g., mixed, tubular, etc.). 
Histological grade was I, II, or III [29]. The tumor diameter was measured in 
and across slices. The largest diameter was recorded. 

2. Surrounding tumor foci: Tumor type, grade, area, distance to the edge of 
the index tumor (mm), and absence (EIC-) or presence (EIC+) of extensive 
intraductal component (EIC) were recorded. Tumor type was IDC, ILC, ductal 
carcinoma in situ (DCIS), or lymphatic emboli (i.e., lymph-vessel invasion). 
Grade of DCIS was categorized as I, II or III (low, intermediate and high grade, 
respectively)[30]. The area of each focus in each slide was estimated in units 
of square millimeters. The nearest and furthest distance (mm) of each focus 
to the edge of the index tumor was assessed from the specimen radiograph 
by combining distances in and across slices. EIC was defined as DCIS in 
grossly normal breast tissue adjacent to the index tumor and comprising 
more than 1 low power field at microscopy (> 1cm). This definition was 
adapted from Boyages et al [31] and Schnitt et al [32].

 To correlate MRI and pathology, we focused on (1) underestimation and 
overestimation of the index tumor by MRI and (2) underestimation and 
overestimation of surrounding disease by MRI at various distances from the 
MRI-visible lesion. The gross tumor volume (GTV) consisted of the pre-therapy 
defined tumor. In this study, we considered the MRI-visible lesion as the GTV 
and it is therefore referred to as MRI-GTV. The clinical target volume (MRI-CTV) 
is defined as the MRI-GTV plus an additional surrounding margin to account for 
disease underestimated by MRI (i.e., subclinical (occult) disease). 

1. Index tumor: The differences between the largest diameter (mm) of the 
MRI-visible lesion (MRI-GTV) and the largest diameter of the index tumor 
at pathology were calculated. The percentage of cases where the size of 
the MRI-visible lesion was larger, equal or smaller than the size of the index 
tumor was calculated. 

2. Subclinical disease: The incidence of surrounding tumor foci in the WLE 
specimens at various distances (mm) from the edge of the MRI-GTV was 
determined. For this purpose, the distances established at pathology were 
adjusted by subtracting the discrepancy in largest diameter of the index 
tumor and that at MRI. For example, if MRI overestimated the diameter of 
the index tumor with 5mm, the distance from the tumor focus to the MRI-
GTV was declined with 5mm. Subgroup-analyses were made for tumor type, 
grade, and quantity of subclinical disease. Quantity of subclinical disease 
was stratified in four groups: >0 mm2, ≥10 mm2, ≥50 mm2 and ≥100 mm2. 
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Statistical analysis

For all analyses SPSS Version 15.0; SPSS Chicago, was used as well as Microsoft 
Excel. Correlation between size measurement at pathology and at MRI was 
assessed by Pearson’s correlation coefficient. For differences in outcome 
between EIC- and EIC+ tumors, two-sided Pearson’s chi-square or Fisher’s exact 
tests were performed. A p-value ≤ 0.05 was considered statistically significant.

Results

Sixty-four breasts in 62 patients were included; two patients had a bi-lateral 
tumor. The mean age ±standard deviation (SD) was 55.5 years ±9.5 years 
(range 36–74 years). Patient characteristics were stratified for absence (EIC-) 
or presence (EIC+) of and extensive intraductal component around the tumor 
(Table 1). Mammography showed a lesion in 57 (89%) tumors: 47 (73%) were 
a mass (5 also showed suspicious calcifications), 8 (13%) showed suspicious 
microcalcifications only and 2 (3%) showed an architectural distortion. 
Ultrasonography showed a lesion in 59 (92%) tumors. With MRI, 61 (95%) lesions 
were visualized. Three out of 64 lesions were occult at MRI (two IDC’s of 5 and 
13 mm, one ILC of 28 mm). Mean size (±SD) of the MRI-visible lesion was 18.1 
mm (±7.6 mm). 

Correlating pathology to MRI

A total of 864 slices were obtained (13.5 on average per WLE). From these slices, 
2351 slides were reviewed (36.7 on average per WLE). 

1. Index tumor: Forty-eight (75%) tumors were IDC, 10 (16%) ILC and 6 (9%) 
‘other’. Eighteen (28%) tumors were grade I, 28 (44%) tumors were grade II 
and another 18 (28%) tumors were grade III. Mean size of the index tumor (± 
SD) was 19.3 mm (± 8.5 mm). 

2. Surrounding tumor foci: In 53 of the 64 (83%) WLE specimens, surrounding 
tumor foci were found outside the index tumor. DCIS foci were observed 
in 47 of the 64 (73%) specimens, invasive tumor foci in 12 (19%) specimens 
and lymphatic emboli in 6 (9%) specimens. Eighteen of the 64 (28%) tumors 
had an EIC. 

 The mean area of the sum of all tumor foci around the index tumor was 305 
mm2 (74 mm2 for EIC- tumors, 901 mm2 for EIC+ tumor). The mean distance 
between the edge of the MRI-visible lesion and the surrounding tumor foci was 
5.0 mm (1.2 mm for EIC- tumors, and 15.0 mm for EIC + tumors).  
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Table 1. Characteristics of the patients and their tumors

Characteristics
Total  number of 
tumors (%)

Total  number of 
EIC- tumors (%)

Total  numbers of 
EIC+ tumors (%)

No. of (cases) breasts 64 46 (72) 18 (28)

Abnormality on mammogram

     Yes 57 (89) 41 (89) 16 (89)

        Mass 43 (73) 38 (83) 10 (56)

        Microcalcifications present 13 (20) 6 (9) 7 (39)

        Architectural distortion 2 (3) 1 (2) 1 (6)

     No 7 (11) 5 (11) 2 (11)

Abnormality on ultrasound

     Yes 59 (92) 43 (93) 16 (89)

     No 5 (8) 3 (7) 2 (11)

Abnormality on MRI 

     Yes 61 (95) 43 (93) 18 (100)

     No 3 (5) 3 (7) 0 (0)

Pathology tumor type

     IDC 48 (75) 31 (67) 17 (94)

     ILC 10 (16) 9 (20) 1 (6)

    Others 6 (9) 6 (13) 0 (0)

Pathology invasive tumor size 
(mean ± SD, mm)

19.3 (± 8.5) 19.1 (± 8.0) 20.0 (± 9.9)

     < 1 cm 8 (12.5) 3 (7) 5 (28)

     1 - 1.9 cm 27 (42) 25 (54) 2 (11)

     2 – 2.9 cm 20 (31) 13 (28) 7 (39)

     3- 3.9 cm 8 (12.5) 4 (9) 4 (22)

     ≥ 4 1 (2) 1 (2) 0 (0)

Pathologic grade of tumor

    Grade I 18 (28) 14 (30) 4 (22)

    Grade II 28 (44) 25 (54) 3 (17)

    Grade III 18 (28) 7 (15) 11 (61)

Margin status of WLE specimen

     Negative for invasive tumor 62 (97) 44 (96) 18 (100)

     Positive for invasive tumor 2 (3) 2 (4) 0 (0)

        Focal 2 (3) 2 (4) 0 (0)

        Extensive 0 (0) 0 (0) 0 (0)

    Negative for in situ component 45 (70) 42 (91) 3 (17)
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In 3 cases the lesion was not visualized at MRI. Hence, no correlation could be 
made with pathology and these cases were excluded from further analyses. 
Subsequent correlation is based on 61 WLE specimens, 43 EIC- tumors and 18 
EIC+ tumors. 

1.  Index tumor: The relation between the largest diameter of the MRI-visible 
lesion (MRI-GTV) and the index tumor at pathology is illustrated in Figure 1. 
The mean size (±SD) of the MRI-GTV was 18.1 ±7.6mm (range 7–40 mm) and 
the index tumor was 19.5 ±8.4mm (range 8–48 mm) (Pearson’s correlation 
coefficient 0.76). The MRI-GTV was larger than the index tumor in 20 (33%) 
tumors, smaller or equal in 41 (67%) tumors. Twelve (28%) of the 43 EIC- 
tumors were smaller than the MRI-GTV, and 8 (44%) of the 18 EIC+ cases. 
At 7mm from the edge of the MRI-GTV, the index tumor was completely 
encompassed in all cases. This distance was similar for EIC- and EIC+ tumors. 

Table 1. Continued

Characteristics
Total  number of 
tumors (%)

Total  number of 
EIC- tumors (%)

Total  numbers of 
EIC+ tumors (%)

    Positive for in situ component 18 (30) 3 (7) 15 (83)

         Focal 12 (19) 3 (7) 9 (50)

         Extensive  6 (9) 0 (0) 6 (33)

Lymph node status

     Negative 51 (80) 37 (80) 14 (78)

     Positive 13 (20) 9 (20) 4 (22)

Abbreviations: IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma

Figure 1. a) Scatter-plot showing the relation between the largest diameter of the MRI-visible 
lesion and that of the primary invasive tumor at pathology. b) Example of an MR Image (contrast 
uptake) of a breast tumor in coronal view. Circle 1 indicates the MRI-visible lesion.

a b
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2. Subclinical disease: An overview of the results is given in Table 2. Beyond 10 
mm distance from the MRI-GTV, subclinical disease occurred in 52% (32/61) 
of all excision specimens: 35% (15/43) in the EIC- tumors and 94% (17/18) 
in the EIC+ tumors (p<0.0001). In five of the 61 (8%) cases no subclinical 
disease was found outside the MRI-GTV. These were all EIC- cases (Figure 
2). If only invasive foci are considered, 10% of tumors had disease beyond 
10mm from the MRI-GTV. The likelihood of subclinical disease around the 
MRI-GTV was greater in breasts with EIC+ tumors than with EIC- tumors 
(Figure 2). Overall, DCIS was the most predominant finding at all distances. 
Presence of suspicious microcalcifications on mammography predicted the 
presence of an EIC (p=0.021). However, it did not predict the presence of 
subclinical disease beyond 10mm from the MRI-GTV (p=0.122), which is a 
typically planned treatment margin. Tumor type (ductal versus lobular) was 
neither associated with EIC (p=0.249) nor with subclinical disease beyond 
10 mm from the MRI-GTV (p=0.534). 

 For EIC- tumors, presence of subclinical DCIS in the WLE specimens was less 
prominent but still occurred more frequently than presence of invasive foci 
and lymphatic emboli (Figure 3). Overall, Grade-I DCIS was found closer to the 
edge of the MRI-GTV than grade-II-III grade DCIS. None of the patients had DCIS 
grade-I further than 7mm from the MRI-visible tumor. Beyond this distance, 
DCIS consisted solely of grades II and III. 
 Beyond 10 mm distance from the MRI-visible lesion, 52%, 41%, 25%, and 
16% of tumors had subclinical disease >0 mm2, ≥10 mm2, ≥50 mm2 and ≥100 
mm2, respectively. 

Figure 2. a) Subclinical disease in the WLE specimen around the MRI-visible lesion, stratified for 
EIC- and EIC+ tumors. b) Example of an MR Image (contrast uptake) of a breast tumor in coronal 
view. Circle 1 indicates the MRI-visible lesion, circle 2 indicates 10 mm distance from the MRI-visible 
lesion.

a b
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Discussion

MRI is more often used to guide, evaluate, or select patients for localized 
breast cancer treatment. In this study, a precise correlation with pathology was 
performed to analyse MRI-occult disease around the MRI-visible lesion (MRI-
GTV) in the wide local excision specimens. Overall, half the number of WLE 
specimens contained subclinical disease at distances beyond 10mm from the 
edge of the MRI-GTV. 
 The fact that cancer cells may exist beyond the confines of the palpable and 
mammographically detected index tumor is well recognized [33-36]. Pathology-
controlled studies have shown that multifocal or multicentric cancer occurs at 
rates up to 44% [33;35]. Holland et al reported presence of additional tumor 
foci in the mastectomy specimen after simulated lumpectomy in up to 42% of 
the tumors [34]. However, with the development and improvement of imaging 
modalities over the past decades, it is unknown whether these findings still 
apply to patients currently selected for BCT. Moreover, MRI has shown to detect 
multifocal and multicentric cancers more often than conventional imaging 
[10;37-39]. The detection of multifocal or more extensive disease by MRI may 
lead to change of treatment, e.g., from BCT to mastectomy [14]. Because of 
the reported increase of mastectomy rates by preoperative MRI, the potential 
benefit of preoperative MRI is currently under debate [14;40]. 
 The current management of early breast cancer by wide excision, whole 
breast irradiation and if appropriate a boost to the tumour bed has shown to be 
highly successful with recent studies confirming a within-breast recurrence rate 
of 6% at 10 years, low risk of serious morbidity and good/satisfactory cosmesis 
in the majority [41]. However, the recurrence rate in patients less than 50 years 

Figure 3. Subclinical disease in the WLE specimen around the MRI-visible lesion, stratified per type 
of tumor foci (a) EIC- tumors (b) EIC+ tumors.

a b
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of age is much higher [42]. Another argument in favour of imaging-pathology 
tumor distribution studies is that nowadays still a relatively large fraction of 
positive surgical margins occurs after breast-conserving surgery (approximately 
20% in the COMICE trial [14]), potentially requiring multiple surgical procedures, 
and some even leading to mastectomies. It should also be noted that studies 
reporting on the efficacy of radiotherapy after breast-conserving surgery 
typically exclude patients with initially incompletely excised cancer [41]. As 
most local recurrence occur in the tumor bed and are influenced by the number 
of positive surgical margins, suggest that they are, at least in part, caused by 
residual disease foci after therapy [43]. As mentioned above, local recurrence 
rates in the breast are typically higher in premenopausal patients [42]. Hence, 
improved knowledge of the disease spread relative to preoperative imaging 
findings of breast cancer may further improve the balance between local 
control and cosmesis in subgroups of patients.
 This study focuses on patients with localized breast cancer eligible for 
BCT after conventional imaging as well as after MRI. These inclusion criteria 
resemble those considered for partial breast irradiation (PBI) and minimally 
invasive therapy [11;12]. Furthermore, the aim of this study was not to identify 
multicentric disease, but to identify MRI occult disease around the index tumor, 
which may be important to define treatment margins when localized breast 
cancer therapy is indicated.
 We found that the size of the MRI-GTV corresponded well with the size of 
the index tumor at pathology. These results are in concordance with other 
studies [44-46]. In a few studies MRI findings were not only compared with 
the index tumor but also with surrounding disease components (e.g., DCIS) 
[6;18;19;47;48]. Although methods of analysis differ, MRI was typically accurate 
to visualize total tumor extent in 90-93%, lead to underestimation in 3-6% and 
overestimation in 3-4% of cases. Although these studies provide insight on 
the accuracy of MRI to depict disease extent, data on the prevalence of MRI-
occult disease at various distances relative to the MRI-GTV is currently lacking. 
This information is essential to assess the ability of clinically realistic treatment 
margins and clinical target volume (CTV) margins to cover the spread of disease. 
The current study shows that subclinical disease is to be anticipated beyond 
10mm from the MRI-GTV in 52% of all tumors, 35% in the EIC- tumors and as 
high as 94% in the EIC+ tumors. 
 The relevance of the findings presented in this paper should be put into the 
context of various localized breast cancer treatment techniques in which MRI 
may be involved during planning and / or therapy guidance.
 The current standard of BCT is breast-conserving surgery followed by total 
breast irradiation and delivery of a high boost field to the tumor bed. However, 
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more localized treatment techniques are emerging such as minimally invasive 
techniques and PBI. Minimally invasive therapies, such as MRI-guided high 
intensity focused ultrasound (HIFU) [17], are techniques where the index tumor 
will remain in-situ after ablation, facilitating localization of the target, but 
removing the ability to establish margins status after treatment. Knowledge 
of the tumor distribution around the MRI-GTV is essential to establish safe 
treatment margins, but much uncertainty currently exists about the extent of 
these margins. The results of our study suggest that when only the MRI-GTV 
is ablated, 8% of the tumors may be completely removed. When a treatment 
margin of 10 mm is ablated around the MRI-GTV, this will be 48%. These 
findings may underline the need to combine minimally invasive therapy with 
radiotherapy in one out of every two cases. In conventional BCT, adjuvant 
radiotherapy has resulted in greatly improved local tumor control and reduced 
mortality [49]. Although MRI-guided HIFU is still in an experimental stage, 
one of the potential advantages of post-HIFU radiotherapy may ultimately be 
improved visualization of the ‘in situ’ target. 
 Concerning PBI, the efficacy of this relatively new technique is expected 
to depend heavily on the accuracy of tumor excision [50]. Establishing the 
status of surgical margins is, however, limited by the relatively small number 
of pathology samples obtained from regions felt to be at highest risk of tumor 
proximity [51]. This may be even more relevant when intra-operative touch 
preparation cytology is used prior to intraoperative PBI [52]. Preoperative 
breast MRI is increasingly more often used to direct breast-conserving surgery. 
Obtaining uniform excision margins around the index tumor may reduce 
uncertainty of residual disease which - in turn - may reduce CTV margins for PBI. 
Given a theoretical 10-mm uniform excision margin, the results of the current 
study suggests that irradiation of an additional 10 mm around the excision 
cavity using, e.g., brachytherapy with the MammoSite catheter [22] may cover 
microscopic disease in up to 75% of the patients. When only EIC- tumors are 
considered, disease coverage may increase up to 93%. Although a larger CTV 
for PBI will cover more tumor foci, it has also demonstrated an increased toxicity 
[53]. A pathology study to help define CTV for PBI was also done by Vicini et 
al [54]. They found that a margin of 10 mm around the tumor bed should be 
adequate to cover additional disease in the lumpectomy in 90% of patients. This 
study did, however, not correlate the incidence of additional disease to findings 
at MRI. We believe that detailed knowledge of the distribution of subclinical 
disease based on complete tissue embedding and correlation to pre-treatment 
MRI may facilitate planning the optimal balance between the extent of the 
surgical excision and the extent of CTV margins at radiotherapy. 
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 We found that DCIS was the predominantly occult finding at all distances. 
This finding indicate that MRI may be more limited to visualize DCIS components 
around the index tumor than expected. Even though DCIS is a pre-invasive 
cancer, its presence in surgical treatment margins is associated with an increased 
risk of local recurrence [55]. DCIS grade-I was found more closely around the 
MRI-GTV than DCIS grade-II-III. Grade-I may have a less aggressive growth 
pattern, while grade-II-III tend to be more aggressive and extent further from 
the index tumor and therefore from the MRI-visible lesion. Tumors with grade-I 
DCIS may therefore be more suitable for less invasive treatment techniques 
based on MRI. Large quantities of MRI-occult DCIS were found especially in EIC+ 
tumors. Therefore EIC+ tumors should not be considered for minimally invasive 
therapy or PBI. This finding is also supported by the recent ASTRO and ESTRO 
consensus statements [50;56]. In these statements guidelines are provided for 
the selection criteria and best practices for the use of PBI. They both propose 
three patient groups based on patient and tumor characteristics: a suitable or 
low risk group, a cautionary or intermediate-risk group, unsuitable or high-risk 
group. Because of the uncertainties over the natural history of occult disease 
distant from the main tumour, PBI should be subject to careful use, ongoing 
audit and preferably large randomized controlled trials.
 A limitation of our study is that only WLE specimens were analysed. Larger 
spread of disease may be present in other regions of the breast. The advantage of 
focussing on WLE specimens is the ability to quantify subclinical disease within 
the typical range of treatment margins in the actual population of BCT patients. 
However, because other portions of the breast were not analysed, the results 
of our study are not to be interpreted as a replacement of the observations 
in the ASTRO consensus statement concerning eligibility for PBI [50]. This 
consensus statement has been based for the largest part on inclusion criteria 
and intermediate outcome data from various clinical trials. As pointed out in 
the report, little to no data is available from pathology studies. In the current 
study we focused primarily on correlation between MRI and pathology without 
making underlying assumptions about the potential impact of factors such as 
age, nodal status and tumor grade on the extension of microscopic disease. 
The correlation between these factors and the extent of microscopic disease 
is yet to be proven, and this issue is topic of current research in larger patient 
numbers. Our findings do, however, already support some of the observations 
in the ASTRO consensus statement. 
 Movement of the patient and breast during MRI scanning as well as variation 
in measurements may affect the assessment of tumor extent. These variations 
have been described elsewhere [57], and were not part of the current study 
aim. FNA or biopsy was done prior to MRI and although this has shown not to 
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be of influence on the diagnostic value of MRI [58;59], it is unknown whether 
it might influence size measurements on MRI. However, since almost all our 
cases were diagnosed with FNA, it is less likely that this may have influenced 
our results. It should also be noted that the method used to estimate potential 
underestimation or overestimation of the MRI-visible lesion with respect to 
pathology may also affect the assessment of the distances of subclinical disease 
to the MRI-GTV. Advances in MRI techniques, leading to improved spatial 
resolution, are also likely to affect the ability to detect disease foci around the 
index tumor, thus reducing the range of subclinical -occult- disease around the 
index tumor.
 Another potential limitation of our study is that diagnostic breast MRI is 
done in prone patient position, whereas surgery and typical breast radiotherapy 
are performed in the supine position. Differences in tissue compression may 
influence our results. Although the invasive index tumor is less likely to change 
shape due to its rigid consistency, it remains subject of future study to determine 
the effect of tissue compression in the region directly surrounding the index 
tumor. It should be noted, however, that disease spread has previously been 
correlated to X-ray mammography where the breast is firmly compressed. It 
should also be noted that prone breast irradiation is emerging as a technique 
with some potential benefits compared to supine irradiation [60;61]. 

Conclusion

When put into the context of MRI-guided localized therapy, a typical treatment 
margin of 10 mm around the MRI-visible lesion may include subclinical disease 
in 48% of the patients. When surgery achieves a 10 mm tumor-free margin 
around the MRI-visible tumor, radiotherapy to the tumor bed may require a CTV 
margin >10 mm in up to one-fourth of the patients.
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Abstract 

Purpose

Identifying breast cancers of limited extent (BCLE) is becoming increasingly 
important, especially for minimally invasive therapy and partial breast 
irradiation. The purpose of this study is to establish characteristics at functional 
imaging and pathology associated with invasive BCLE.

Methods

Seventy-five patients (77 breasts) with invasive breast cancer were prospectively 
included if breast-conserving therapy was performed after conventional imaging 
and magnetic resonance imaging (MRI). Excision specimens were processed 
using complete embedding. Microscopic findings were reconstructed and 
correlated with underlying tumor biology derived from functional behavior 
on contrast-enhanced MRI. Tumors were stratified by absence or presence 
of occult disease ≥ 10 mm from the MRI-visible lesion: BCLE and non-BCLE, 
respectively. Imaging and pathology characteristics were evaluated for their 
ability to discriminate between BCLE and non-BCLE. Multivariate binary logistic 
regression was employed to create a prediction model for BCLE.

Results

At univariate analysis, imaging as well as pathology characteristics were 
indicative for BCLE (39/77 = 51%). Absence of tumor washout on MRI (p=0.025), 
smaller lesion size on MRI (p=0.037), and lesion type on mammography 
(p=0.041), were associated with BCLE. At pathology, positive estrogen receptor 
(ER) (p=0.007), negative Her-2/Neu receptor (p=0.047) and low quantity of DCIS 
(p<0.001) were important. Absence of tumor washout, a mass on mammography, 
positive ER and low quantity of DCIS in the index tumor retained significance at 
multivariate analysis (area under ROC curve=0.87).

Conclusion

Pre-treatment assessment of MRI washout kinetics, mammography findings, ER 
status, and quantity of DCIS in the index tumor has the potential to accurately 
identify BCLE.
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Introduction

Randomized trials have demonstrated no difference in survival after breast-
conserving therapy (BCT) or radical mastectomy [1]. Consequently, BCT has 
become the standard treatment for most patients with localized breast cancer 
[2]. BCT, consisting of breast-conserving surgery and radiotherapy, aims to 
achieve the optimal balance between local control and adverse side affects 
such as poor cosmetic outcome and radiation-induced heart and lung damage. 
Although current local recurrence rates are low in the overall population 
of breast cancer patients – 0.5%-2% per year follow-up – higher rates have 
been observed in younger patients [3]. Positive surgical resection margins 
are found in up to 30% of initial procedures, especially in non-palpable breast 
cancer [4]. Although residual tumor foci are typically controlled by subsequent 
mastectomy, re-excision, or additional radiotherapy, these procedures partly 
negate the benefit of breast conserving therapy. Moreover, recent studies 
have shown suboptimal long-term cosmetic outcome particularly when large 
radiation boost fields are applied [5,6]. Improved selection of localized breast 
cancers that have no surrounding disease components may potentially enhance 
the trade-off between local control and adverse side effects in subgroups of 
patients.
 Technological advances and the necessity to reduce side effects have fuelled 
interest in even less invasive therapies such as minimally invasive image-guided 
tumor ablation and partial breast irradiation (PBI) [7,8]. One of the largest 
problems to date is, however, the inability to accurately select patients suitable 
for these techniques. In approximately half the number of patients eligible for 
BCT, additional tumor foci are found beyond the boundaries of the index tumor 
visible at preoperative imaging [9,10]. Faverly et al. used mammographic and 
pathologic criteria to help identify breast cancers of limited extent (BCLE) [11]. 
However, these criteria are based on patient populations and mammographic 
techniques present during the onset of national screening programmes. 
More recent techniques such as magnetic resonance imaging (MRI) were not 
available and could not be taken into account [12]. Contrast-enhanced MRI 
visualizes processes related to neovascularization and underlying biology 
of breast cancer [13]. Moreover, recent insights in the molecular subtyping, 
e.g., hormone receptor status, of breast cancer were not available to consider 
subgroups within the overall heterogeneous population of breast cancers 
[14]. Little is currently known about potential association between hormone 
receptor status, breast imaging and presence of occult disease burden. These 
are important issues because local therapy is typically based on imaging.
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 The purpose of this study is to identify invasive breast cancers with limited 
disease extension around the MRI-visible lesion, based on pre-treatment 
(functional) imaging features and histopathology of the dominant tumor mass. 
These hypotheses-generating results may be a first step towards identifying 
patients indicated for minimally invasive therapy and complement the selection 
of patients eligible for partial breast irradiation.

Materials and methods

Patients

The study was performed after approval of the institutional review board and 
written informed consent of all patients. Patients were prospectively included 
between May 2003 and September 2006 if they had invasive breast carcinoma 
(after fine-needle aspiration cytology or core biopsy) and were eligible for 
BCT on the basis of conventional imaging and MRI. Women who underwent 
chemo-or hormone therapy prior to surgery, had primary ductal carcinoma in 
situ (DCIS) on core biopsies, or had tumors that were not visible on MRI, were 
excluded. Given the workload of the analyses and the limited capacity of our 
Pathology department, one patient a week was randomly selected on average 
for inclusion in the extensive pathology work-up. 

Tumor characteristics at imaging

Mammography was performed using conventional digital mammography (Lorad 
Selenia; Hologic, Bedford, MA). Both breasts were imaged in the craniocaudal 
and mediolateral oblique directions. The lesion seen on mammography was 
reviewed by one radiologist, based on the ACR BI-RADS lexicon [15]. The 
following characteristics were annotated: type of finding (none/ non mass 
(architectural distortion or calcifications only)/ mass), shape of mass (irregular/ 
not irregular (round, oval or lobular)), margin of mass (spiculated (spiculated or 
ill-defined)/ not spiculated (circumscribed, obscured or lobulated)), density of 
mass (low/ equal/ high), presence of suspicious microcalcifications (yes/ no), 
and largest diameter. 
 Ultrasonography was performed using a Philips scanner (Philips Medical 
Systems, Best, the Netherlands). The following characteristics were annotated: 
type of finding (none/ non mass/ mass), shape of mass (irregular/ not irregular 
(oval or round)), orientation of mass (parallel/ not parallel), margin of mass 
(circumscribed/ not-circumscribed), internal echogenicity of mass (hypoechoic/ 
not hypoechoic), calcifications visible (yes/ no) and largest diameter. 
 MRI was performed with a 1.5-T scanner (Magnetom, Siemens Medical 
Systems, Erlangen, Germany) using a coronal FLASH (fast low-angle shot)-3D 
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acquisition technique. The following MRI parameters were used: T1-weighted 
sequence, TR 8.1ms, TE 4.0ms, reconstructed in-plane matrix: 256x256, voxel 
size of 1.3x1.3x1.3mm3, no fat suppression. Patients were positioned prone 
and both breasts were imaged using a dedicated phased-array bilateral breast 
coil. One series was acquired before and four series after intravenous injection 
of contrast bolus (gadolinium chelate) at a dose of 0.1 mmol per kilogram of 
body-weight followed by a 30-ml saline flush using an automatic injector (3ml/
second). The series were acquired at intervals of 120 seconds. Subtraction 
images were automatically computed by subtracting the pre-contrast images 
from the first post-contrast images. MRI scans were read and scored according 
to the MRI BI-RADS lexicon [16]. On a viewing station, subtraction images 
were reformatted and linked in three perpendicular planar views (coronal, 
transversal and sagittal) [17]. Interpretation of MRI was based on morphological 
as well as kinetic properties of contrast uptake. Visual as well as computer-aided 
assessment was used. The following characteristics were annotated: type of 
lesion (non mass/ mass), shape of mass (round/ oval/ lobular/ irregular), margin 
of mass (smooth/ irregular/ spiculated), initial enhancement (<100%/ ≥100%; 
within the first 2 minutes) and late enhancement (wash-out/ no wash-out 
(persistent or plateau) at 480 seconds after contrast administration). The tumor 
diameter was measured in three planes, using the subtraction images and 
maximum intensity projections. The largest diameter (mm) was recorded. 
 If more than one suspicious lesion was visible on any of the imaging 
modalities, the largest diameter of the total area, including normal breast tissue 
between the lesions was recorded. In addition, differences in size of the lesion 
on mammography, ultrasound and MRI were recorded.

Tumor characteristics at pathology

All wide local excision (WLE) procedures were performed by dedicated breast 
surgeons aiming at a margin of at least 1 cm [2], and typically extending from 
skin to basal fascia according to the technique described by Aspegren [18]. The 
WLE specimens were completely embedded and analyzed to establish extent of 
the invasive index tumor (the dominant invasive mass) and microscopic spread 
of disease. An extended fixed protocol, comparable to the approach reported 
by Egan et al [19] was used for this purpose [10]. Two pathologists experienced 
in breast pathology, reviewed the histology slides. They indicated the tumor 
distribution by recording the outline of the index tumor and the location 
and extent of surrounding microscopic tumor foci, i.e. invasive foci, DCIS and 
lymphatic emboli. The nearest and furthest distance (mm) of each focus to the 
edge of the index tumor was assessed by combining distances in and across 
histology slices. Findings at pathology were reconstructed and correlated 
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with MRI findings. Underestimation and overestimation of the index tumor 
and surrounding disease at various distances from the MRI-visible lesion were 
calculated and taken into account. For this purpose, the distances at pathology 
were adjusted by subtracting the discrepancy in largest diameter between the 
index tumor and the MRI-visible lesion. For example, if MRI overestimated the 
diameter of the index tumor with 5mm, the distance from the tumor focus to 
the edge of the MRI visible lesion was reduced by 5mm.
 The following pathology characteristics were annotated: tumor type 
(invasive ductal carcinoma (IDC)/ invasive lobular carcinoma (ILC)/ other), grade 
(1-3), number of mitoses and mitoses score (low: 0-6/ intermediate: 7-12/ high: 
>13), estrogen receptor (ER) status (negative/ positive), progesterone receptor 
(PR) status (negative/ positive), human epidermal growth factor 2 (Her-2/neu) 
receptor status (negative/ positive), the quantity of DCIS in the index tumor 
(none/ minimal/ moderate-extensive).
 Grade was determined according to the Bloom and Richardson method 
[20]. ER and PR status were determined by immunohistochemistry and 
considered positive if more than 10% of nuclei stained positive. The Her-2/neu 
receptor status was assessed by scoring the intensity of membrane staining 
using immunohistochemistry. Tumors with a score of 3+ (strong homogeneous 
staining) were considered positive. In case of 2+ scores (moderate homogeneous 
staining) chromogenic in situ hybridization was used to determine Her-2/neu 
amplification. Amplification was defined as a gene copy number of six or more 
per tumor cell. Tumors were also categorized into absence (EIC-) or presence 
(EIC+) of an extensive intraductal component. EIC was defined as DCIS in grossly 
normal breast tissue adjacent to the index tumor and comprising more than 1 
low power field at microscopy (> 1 cm) [21,22]. All patients underwent sentinel 
lymph node biopsy (positive/ negative).  

Study group definitions

A BCLE was defined as a tumor with no additional histopathologic disease foci 
at or beyond 10 mm from the edge of the MRI-visible lesion (Figure 1). A non-
BCLE was defined as a tumor with additional histopathologic disease foci at or 
beyond 10 mm from the MRI-visible lesion. This definition was adapted from 
Faverly et al [11]. 
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Statistical analysis

Univariate analyses were performed to assess associations between imaging/
pathology features and BCLE; Student’s t-tests were used for continuous 
normally distributed features, Mann-Whitney U exact tests for non-normal 
distributed continuous features, and Pearson’s chi-square or Fisher’s exact 
tests for categorical features. All tests were two-sided. A P-value ≤ 0.05 was 
considered a potential predictor for BCLE. Features with a P-value ≤ 0.2 and 
accessible prior to therapy from core biopsies or imaging entered into the 
multivariate analysis. Age and tumor grade were always included. Multivariate 
binary logistic regression was performed using backward step-wise feature 
selection with probability to enter 0.05 and probability to remove 0.10. 

Figure 1. Illustration of BCLE and non-BCLE. A BCLE was defined as a tumor with no additional 
histopathologic disease foci beyond 10 mm from the edge of the MRI-visible lesion (left). A non-
BCLE was defined as a tumor with additional histopathologic disease foci at or beyond 10 mm from 
the MRI-visible lesion (right). 

10 mm 10 mm

MR imaging  

Additional occult tumor foci 

BCLE

MRI-visible lesion

Non-BCLE

10 mm around MRI-visible lesion
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Potential correlations between features were taken into account. The resulting 
model was cross-validated using 5-fold cross validation. A nomogram was 
constructed to visualize the model. Receiver operating characteristics (ROC) 
analysis was used to quantify the ability to discriminate between BCLE and non-
BCLE and to examine the impact of various operating points on the sensitivity 
and specificity of the model. SPSS 16.0 was used, as well as PROPROC [23], and 
Matlab R12 (TheMathWorks).

Results

Patient and study group definitions

Seventy-five breast-cancer patients (77 breasts) were included in the study. 
After correlation of MRI and pathology, 39 (51%) tumors were identified as BCLE 
and 38 (49%) as non-BCLE. Patient age did not show a significant relation with 
BCLE (p=0.583).

Tumor characteristics at imaging

On mammography, 70 of 77 lesion were visualised (Table 1). The type of 
finding was a significant indicator for differences between BCLE and non-BCLE 
(p=0.041). Eight of the nine (89%) non-mass lesions (microcalcifications only or 
an architectural distortion) were non-BCLE. 
 On ultrasound, 75 of the 77 (97%) lesion were visualised (Table 1). None of 
the ultrasound lesion characteristics were found to be significantly associated 
with BCLE. 
 On MRI, the absence of contrast washout was significantly associated 
with BCLE (p=0.025) (Table 2). Of the 12 tumors that showed a persistent 
enhancement or plateau, 10 (83%) were BCLE. Initial enhancement showed 
no correlation with BCLE (p= 0.263). Smaller lesion size on MRI was found to 
be associated with BCLE (p=0.037) at univariate analysis. None of the other 
morphologic MRI characteristics were predictive for BCLE. 

Tumor characteristics at pathology

A total of 1019 slices were obtained (13.2 on average per WLE). From these 
slices, 2691 microscopic slides were reviewed (35.0 on average per WLE). 
 Significant association was found between ER and Her-2/Neu receptor 
status and non-BCLE (p=0.006 and p=0.047, respectively) (Table 3). Nine of the 
ten (90%) ER negative tumors and 11 out of 15 (73%) Her-2/neu positive tumors 
were non-BCLE. The quantity of DCIS in the index tumor was most indicative 
for differences between BCLE and non-BCLE: moderate or extensive quantity of 
DCIS was associated with larger risk of non-BCLE (p<0.001). 
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Table 1. Tumor characteristics at mammography and ultrasound

Characteristics Total  tumors BCLE Non-BCLE P-value

No. of breasts (N=77) 77 39 38

Age ± SD (years) 57.6 ± 9.6 58.2 ± 8.7 57.0 ± 10.5 0.583

Mammography
Type of finding 0.041*
    None 7 4 3
    Non-mass 9 1 8
    Mass 61 34 27
Mass: Shape  0.842
    Irregular 37 21 16
   Not irregular 24 13 11
Mass: Margin 0.757
    Spiculated 48 26 22
    Not spiculated 13 8 5
Mass: Density 0.256
    Low 2 1 1
    Equal 27 17 10
    High 32 16 16
Microcalcifications present 0.065
     No 65 36 29
     Yes 12 3 9
Largest diameter ± SD (mm) 19.6 ± 12.5 17.9 ± 12.1 21.3 ± 12.9 0.269
Ultrasound
Type of finding 0.348
    None 2 0 2
    Non-mass 2 1 1
    Mass 73 38 35
Mass: Shape 0.855
   Irregular 43 22 21
   Not irregular 30 16 14
Mass: Orientation 0.784
  Parallel 26 13 13
  Not parallel 47 25 22
Mass: Margin 0.817
   Circumscribed 22 11 11
   Not circumscribed 51 27 24
Mass: Internal echogenicity 0.490
    Hypoechoic 58 29 29
    Not hypoechoic 15 9 6
Calcifications visible 1.00
   Yes 69 35 34
   No 8 4 4
Largest diameter ± SD (mm) 13.7 ± 6.5 13.0 ± 6.4 14.5 ± 6.8 0.348
* Significant P-value
Abbreviations: BCLE = breast cancer of limited extent, SD = standard deviation
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Table 2. Tumor characteristics at MRI and size differences

Characteristics Total  tumors BCLE Non-BCLE P-value

No. of breasts (N=77) 77 39 38

MRI 
Type of lesion 0.240
   Non-mass 2 0 2
   Mass 75 39 36
Mass: Shape 0.880
   Round 20 10 10
   Oval 23 12 11
   Lobular 19 9 10
   Irregular 13 8 5
Mass: Margin 0.773
  Smooth 25 12 13
  Irregular 42 22 20
  Spiculated 8 5 3
Initial enhancement 0.263
   ≥ 100% 69 33 36
   < 100%  8 6 2
Late enhancement 0.025*
    Wash-out 65 29 36
    No wash-out 12 10 2
Largest diameter ± SD (mm) 18.1 ± 7.6 16.3 ± 6.1 19.9 ± 8.5 0.037*
Size differences
   Mammogram - ultrasound ± SD (mm) 4.6 ± 13.9 4.3 ± 12.7 2.8 ± 15.3 0.940

   MRI - mammogram ± SD (mm) -1.4 ± 13.3 - 1.8 ± 9.7 - 0.9 ± 16.3 0.773

   MRI - ultrasound ± SD (mm) 2.9 ± 9.4 2.2 ± 7.3 3.5 ± 11.3 0.579
   MRI - (largest ultrasound or   
    mammogram) ± SD (mm)

-3.0 ± 13.7 - 3.1 ± 10.0 - 2.8 ± 16.6 0.940

* Significant P-value
Abbreviations: BCLE = breast cancer of limited extent, MRI = magnetic resonance imaging, 
SD = standard deviation

 Fifty-eight (75%) tumors were classified as EIC- and 19 (25%) as EIC+. All 
of the 20 (100%) EIC+ were non-BCLE. EIC+ was associated with the presence 
of microcalcifications (p=0.003), or a non-mass finding at mammography 
(p<0.001). EIC- was associated with absence of washout at MRI (p=0.032) and 
a negative Her2-/neu hormonal receptor status (p<0.001). Fifty–two of the 62 
(84%) negative Her2-/Neu tumors were EIC- against 6 of the 15 (40%) positive 
Her2-/Neu tumors. EIC- was also associated with a low mitosis score (p=0.028) 
and a low quantity of DCIS in the index tumor (p=0.001).
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Table 3. Tumor characteristics at pathology

Characteristics Total  tumors BCLE Non-BCLE P-value

No. of breasts (N=77) 77 39 38

Size
Size index tumor ± SD (mm) 19.1± 8.2 18.0 ± 6.9 20.2 ± 9.2 0.200
Size index tumor + additional  
findings ± SD (mm)

41.8 ± 22.7 24.5 ± 9.2 60.0 ± 18.2 <0.001*

Tumor type 0.787
     IDC 56 28 28
     ILC 10 6 4
    Other 11 5 6
Histologic grade index tumor 0.160
   Grade I 30 17 13
   Grade II 28 16 12
   Grade III 19 6 13
Number of mitosis ± SD 7.9 ± 8.5 6.2 ± 7.0 9.7 ± 9.5 0.068
Mitoses score 0.182
   Low: 0-6 48 28 20
   Intermediate: 7-12 11 5 6
   High: >13 18 6 12
Quantity of DCIS in index tumor <0.001*
    None 36 27 9
    Minimal 30 11 19
    Moderate / Extensive 11 1 10
Estrogen 0.007*
   Negative 10 1 9
   Postive 67 38 29
Progesterone 0.915
  Negative 36 18 18
  Positve 41 21 20
Her-2/Neu 0.047*
  Negative 62 35 27
  Positve 15 4 11
EIC <0.001*
   Absent 58 39 19
   Present 19 0 19
Lymph node status 0.852
   Negative 56 28 28
    Positive 21 11 10

* Significant P-value
Abbreviations: BCLE =  breast cancer of limited extent, SD = standard deviation, IDC = invasive 
ductal carcinoma,  ILC = invasive lobular carcinoma, DCIS = ductal carcinoma in situ, 
EIC = extensive intraductal component



Chapter 5

84

Pa
rt

 2

Multivariate analysis

The following features entered multivariate analysis: age, type of finding at 
mammography, presence of microcalcifications, MRI late enhancement, MRI 
largest tumor diameter, histologic grade of index tumor, mitoses score, ER 
and Her-2/Neu receptor status and quantity of DCIS in index tumor. EIC was 
not considered for multivariate analyses, because this feature can only be 
determined after surgery in the excision specimen. The following features 
retained significance in the multivariate model: ER status, quantity of DCIS in 
index tumor, MRI late enhancement, findings at mammography. The area under 
the ROC curve was 0.87 +/- 0.04 (Figure 2), and 0.81 after 5-fold cross validation. 
At 10% false-positive (FP) fraction for BCLE, approximately half the number of 
BCLE (46%) are correctly identified (Figure 2). At 90% true-positive (TP) fraction 
for BCLE, the FP fraction is 32%. 

Figure 2. ROC curve (N=77) for the prediction model of BCLE containing the characteristics 
significant at multivariate analysis. The area under the curve = 0.87. The dots represent different 
operating points. Each operating point corresponds to a false-positive fraction, a true-positive 
fraction, and a cut-off probability that may be used in the nomogram.  
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The performance of the model to stratify tumors into BCLE and non-BCLE is 
illustrated in Figure 3.
 The contribution of the features to the multivariate model is illustrated in 
the nomogram (Figure 4). In this nomogram, the points for each feature are 
to be combined to make a total score and probability for BCLE. For example, 
a 10% FP rate on the ROC curve corresponds to a cut-off probability of 0.82 
(Figure 2). In the nomogram, a probability of 0.82 corresponds to a total 
score of a least 285. The combination of tumor features and their points either 
reaches (assume BCLE) or does not reach (assume non-BCLE) this threshold. 
This system is comparable to, e.g., the Adjuvant! Online system [24,25], where 
tumor characteristics are weighted to estimate the risks and benefit of adjuvant 
systemic therapy in breast cancer patients. As illustrated by the nomogram, ER 
status is most indicative for BCLE, followed by mammography findings, quantity 
of DCIS in the index tumor and MRI late enhancement.  

 

Figure 3. Illustration of stratification into BCLE and non-BCLE according to the model at a low (3%) 
false-positive operating point on the ROC-curve. The drawn line represents the cases that were 
selected as BCLE (N=9), the dotted line represents the cases that were selected as non-BCLE (N=68). 
None of the expected BCLE had an extensive intraductal component. The incidence of disease is 
smaller at all distances around the index tumor in the expected BCLE group.



Chapter 5

86

Pa
rt

 2

Fi
gu

re
 4

. N
om

og
ra

m
 to

 p
re

di
ct

 B
CL

E 
us

in
g 

fe
at

ur
es

 se
le

ct
ed

 a
t m

ul
tiv

ar
ia

te
 a

na
ly

si
s. 

Th
e 

no
m

og
ra

m
 a

ls
o 

re
pr

es
en

ts
 th

e 
st

re
ng

th
 o

f e
ac

h 
fe

at
ur

e 
to

 d
is

cr
im

in
at

e 
be

tw
ee

n 
BC

LE
 a

nd
 n

on
-B

CL
E.

 A
dd

in
g 

th
e 

po
in

ts
 f

or
 e

ac
h 

fe
at

ur
e 

gi
ve

s 
a 

to
ta

l s
co

re
 a

nd
 a

 c
or

re
sp

on
di

ng
 p

ro
ba

bi
lit

y 
of

 B
CL

E.
 D

ep
en

di
ng

 o
n 

th
e 

cu
t-

off
 

pr
ob

ab
ili

ty
 c

ho
se

n 
on

 th
e 

RO
C 

cu
rv

e,
 a

 th
re

sh
ol

d 
va

lu
e 

of
 to

ta
l s

co
re

 h
as

 to
 b

e 
re

ac
he

d 
to

 a
ss

um
e 

pr
es

en
ce

 o
f B

CL
E.



Selecting breast cancers of limited extent

87

Part 2

Discussion 

In this study, we established tumor characteristics associated with BCLE. We 
defined a BCLE as an invasive breast cancer, eligible for BCT after conventional 
imaging and MRI, and without additional histopathologic tumor foci beyond 
10 mm from the MRI-visible lesion. At multivariate analysis, imaging as well as 
histopathology features were found to be significantly associated with BCLE: 
positive ER status, low quantity of DCIS in the index tumor, non-mass lesion at 
mammography, and absence of washout kinetics at MRI. These yielded an area 
under the ROC curve of 0.87. 
 Particularly now that breast cancers are detected in an earlier stage due 
to screening programs, the interest increases for highly conformal treatment 
techniques that reduce side effects such as poor cosmetic outcome while 
achieving high rates of local control. Novel tumor ablation techniques are 
explored for minimal invasive image-guided treatment of breast cancer [7,26]. 
Accurate pre-treatment selection of patients with BCLE will, however, be 
essential for highly conformal image-guided therapy of breast cancer. 
 To the best of our knowledge this is the first study in which a systematic 
multivariate analysis of mammography, ultrasound and MRI was performed 
to identify BCLE, taking pathology and receptor status of the index tumor 
into account. Only tumor characteristics were investigated that are potentially 
accessible prior to treatment, i.e., from imaging and pre-treatment biopsies. 
These hypotheses-generating results may be a first step towards identifying 
patients indicated for minimally invasive therapy and may complement the 
selection of patients eligible for partial breast irradiation and traditional breast 
conserving surgery.
 The current standard of care in BCT is surgery followed by whole-breast 
irradiation and a boost dose to the tumor bed [1,2,5]. The potential benefit of 
preoperative MRI is currently under debate because local recurrence rates after 
standard BCT are low [5] and preoperative MRI has been reported to increase 
the rate of mastectomies [27]. Nonetheless, the pursuit to reduce adverse side 
effects by limiting treatment volumes necessitates accurate identification of 
BCLE. Furthermore, the use of partial breast irradiation (PBI) in and outside the 
framework of a clinical trial has markedly increased [28]. Although the results 
of clinical PBI studies are promising, variations exist in eligibility criteria [28,29]. 
Moreover, the rate of positive surgical margins may be reduced in subgroups of 
patients who are at low risk of surrounding disease components, thus reducing 
the rate of re-excisions, mastectomy or additional radiotherapy. Conversely, 
therapy may ultimately be intensified in patients who are at high risk of an 
extensive disease burden. We emphasize that in the current study, non-BCLE 
is eligible for standard BCT, whereas BCLE (identified in part by MRI) may be 
eligible to smaller treatment volumes.
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 Identifying BCLE has been subject of previous studies [11]. Faverly et al. 
used both mammographic and pathologic tumor features to identify BCLE [11]. 
These tumors were defined as cancers with no foci beyond 10 mm from the 
edge of the dominant mass on pathology. In total 53% of tumors were BCLE. 
Absence of calcification or tumor density beyond the edge of the index tumor 
on mammography appeared to be the best predictor. In addition, they found 
that a 10 mm tumor-free margin gives the best positive predictive value for 
BCLE. However, the latter may be of limited value prior to minimally invasive 
therapy. In our study, an association between type of finding on mammography 
and BCLE was also found. Particularly tumors that represented as a non-mass, 
i.e. clusters of microcalcifications or architectural distortion, were an indication 
of non-BCLE. These findings are in accordance with those from other studies 
[30-32]. 
 At multivariate analysis, another imaging feature retained significance: 
late enhancement kinetics at MRI. A plateau or slowly rising and persistent 
signal intensity curve was associated with BCLE in the current study, but it 
has also been reported in benign lesions [33]. Rapid washout, typically seen 
in malignant lesions, is most likely caused by the arterioveneus shunts that 
exist within the network of tumor vessels. Apparently, some BCLE have 
more benign contrast uptake kinetics which may be associated with a lower 
degree of neoangiogenesis in and around the tumor. The importance of late 
enhancement kinetics is also emphasized by other studies, e.g. focusing on 
tumor response during neoadjuvant chemotherapy [34,35]. Although the level 
of initial enhancement has also been shown to be of important diagnostic 
value [33], it did not show a correlation with BCLE in the current study. Tumor 
size at MRI was a significant indicator at univariate analysis, but it did not retain 
significance at multivariate analysis. 
 From the four tumor characteristics that were significant at multivariate 
analyses, two were obtained from histopathology. ER expression is a known 
prognostic factor in breast cancer; patients with ER positive tumors have an 
overall better survival than hormone receptor negative tumors, because they 
respond better to therapy [36,37]. We found that most ER-negative tumors 
(90%) were associated with non-BCLE. The results from the study of Wilder et al. 
[38] seem to underline our findings: the presence of an ER negative tumor had a 
significant adverse effect on relapse-free survival after PBI. Furthermore, MRI is 
apparently less capable of visualizing disease extensions when the tumor is ER 
negative. To our knowledge, this is the first study that reports underestimation 
of disease extent on MRI in ER-negative tumors.
 The other histopathologic finding was the quantity of DCIS found in the 
index tumor. Apparently, the quantity of DCIS found in the index tumor, predicts 
the quantity of DCIS found around the tumor. This is also in accordance with 
the findings of Holland et al, who reported that patients with an EIC (≥ 25% of 
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index tumor contains DCIS) were more likely to have residual tumor beyond 2 
cm distance from the index tumor (22 versus 2%, respectively) [39]. When final 
histology is not available, e.g., after (currently experimental) minimally invasive 
therapy [7,26], histopathologic material obtained in biopsies can potentially 
be used to determine this feature. Some studies have already shown that the 
presence of DCIS in core biopsies of invasive tumors are predictive for the 
presence of an extensive intraductal component in the lumpectomy specimen 
[40,41]. This remains an important subject for future studies. 
 HER-2/neu has shown to be another relevant biomarker in breast cancer. Her-
2/neu overexpression results in increased cell proliferation and angiogenesis, 
and inhibition of apoptosis. Her-2/neu positive tumors are more aggressive 
and have, therefore, a worse prognosis compared to Her-2/neu negative 
tumors [42,43]. In the current study, the presence of Her-2/Neu was associated 
with non-BCLE and also EIC+ at univariate analysis. The Her-2/Neu status did, 
however, not retain significance in multivariate analysis. 
 Tumor type at pathology was not found to be associated with BCLE. 
However, lobular cancers are known to grow in a more diffuse pattern, 
yielding more multifocal and multicentric disease [44]. ILC may not have been 
identified as a factor for extended disease in the current study, because patients 
with multicentric disease patterns were typically not eligible for BCT after 
conventional imaging and MRI, and were therefore excluded from this study. 
In agreement with the study of Faverly et al., we did not find patient age and 
histologic tumor grade to be a discriminating factor for BCLE [11]. 
 In this study, patients were included before the sentinel node procedure and 
nodal status was therefore not considered as in- or exclusion criteria. Although 
no correlation between positive lymph nodes and (non-) BCLE was found in this 
study, a positive sentinel is  considered as an exclusion criteria for e.g. partial 
breast irradiation [28]. 
 BCLE defined in the current study may be a potential candidate for 
minimally invasive localized therapy and contribute to the pre-treatment 
selection of patients for partial breast irradiation. We suggest some additions to 
the identification of BCLE according to Faverly et al.:

•	 After biopsy of a suspicious lesion confirms the presence of a malignant 
tumor, the quantity of DCIS and the hormonal receptor status in the core 
should also be considered. ER negative tumors and tumors with moderate 
or extensive amount of DCIS, should not be considered.  

•	 BCLE should then be considered based on the findings at mammography 
and MRI. Caution is advised when a non-mass (microcalcifications only 
or architectural distortion) is found at mammography. Special attention 
should be paid to the signal intensity curve at MRI. Tumors with plateau or 
increased enhancement are more likely to be suitable.  
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 A limitation of our study was that pathology features were established from 
the WLE specimens rather than from core biopsies. Nonetheless, studies have 
shown that core biopsy can be used with confidence to determine hormonal 
receptor status in the final excision specimen, with concordance rates on ER 
status as high as 98% [45]. Moreover, studies have also shown that the absence 
of DCIS in core needle biopsy accurately excludes EIC in the excision specimen 
[40,41]. Another limitation of this study is the relatively small number of patients. 
Although cross-validation was used in the multivariate analyses, a prospective 
validation of our findings in larger cohort of patients is needed.  
 Future studies will be directed towards further improving the ability to 
discriminate between BCLE and non-BCLE, using additional functional tumor 
information from MRI and nuclear imaging, as well as from gene-expression 
profiling.

Conclusion

Pre-treatment imaging parameters and tumor characteristics have the potential 
to accurately identify cancers suitable for minimally invasive therapy and 
contribute to the selection of patients for partial breast irradiation. In particular, 
breast tumors with limited disease at histopathology around the MRI-visible 
lesion are associated with the finding of a mass at mammography, absence of 
washout kinetics at MRI, positive ER status and no or limited DCIS in the index 
tumor. 
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Abstract

Image-guided focused ultrasound (FUS) ablation is a non-invasive procedure 
that has been used for treatment of benign or malignant breast tumours. 
Image-guidance during ablation is achieved either by using real-time 
ultrasound (US) or magnetic resonance imaging (MRI). The past decade phase I 
studies have proven MRI-guided and US-guided FUS ablation of breast cancer 
to be technically feasible and safe. We provide an overview of studies assessing 
the efficacy of FUS for breast tumour ablation as measured by percentages 
of complete tumour necrosis. Successful ablation ranged from 20% to 100%, 
depending on FUS system type, imaging technique, ablation protocol and 
patient selection. Specific issues related to FUS ablation of breast cancer, 
such as increased treatment time for larger tumours, size of ablation margins, 
methods used for margin assessment and residual tumour detection after FUS 
ablation and impact of FUS ablation on sentinel node procedure are presented. 
Finally, potential future applications of FUS for breast cancer treatment such as 
FUS induced anti-tumour immune response, FUS-mediated gene transfer and 
enhanced drug delivery are discussed. Currently, breast conserving surgery 
remains the gold standard for breast cancer treatment.  
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Evolution of breast cancer treatment

Breast cancer is the most frequently occurring malignant disease and leading 
cause of cancer-related death in women in the Western world. The number of 
new cases and deaths from breast cancer for women in the United States in 2007 
is estimated to be 178.480 and 40.460, respectively [1]. Radical mastectomy, i.e. 
breast amputation with or without excision of the pectoral muscle, has long 
been accepted as an appropriate therapy for breast cancer. This treatment was 
based on the theory of Dr. William Halsted that aggressive local therapy for 
control of breast cancer, chest wall and regional lymph nodes would have a 
substantial benefit on survival [2]. In the 1970s, an increased understanding of 
the natural history of breast cancer, resulted in the use of breast conserving 
surgery, i.e. local excision as proposed by Dr. Bernard Fisher, for treatment of 
breast cancer [3;4]. After results of randomized studies demonstrated similar 
survival rates for both treatment groups, breast conserving surgery combined 
with radiotherapy became standard treatment for patients with localized breast 
cancer [3]. Parallel to this development, nationwide breast cancer screening 
programs were implemented in many Western countries in the 1990s, resulting 
in increased proportion of small carcinomas at time of diagnosis [5]. This 
further facilitated the implementation of breast conserving surgery in clinical 
practice. However, the cosmetic outcome of breast conserving surgery is 
often suboptimal this being due to the fact that the resection of the tumour 
necessitate a margin of 1 cm normal breast tissue and use of post operative 
radiation. Although breast conserving surgery carries a relatively low morbidity 
rate, a variety of complications such as bleeding (2%-10%) and infections (1%-
20%) can occur [6]. 
 Technologic advances over the last decade have fuelled interest in even 
less invasive treatment of patients with localized breast cancer. Currently 
available minimally invasive image-guided tumour ablation techniques include 
radiofrequency ablation, cryoablation, laser ablation, microwave ablation and 
focused ultrasound (FUS) ablation [7]. Different imaging modalities, including 
fluoroscopy, ultrasound (US) and Magnetic Resonance Imaging (MRI), are 
used to guide instruments, to monitor the therapeutic procedure, and assess 
treatment response [8;9]. Compared with traditional surgical methods, 
minimally invasive image-guided ablation therapies potentially offer several 
advantages including reduced recovery time and hospital stay, decreased 
complication risk (infections, bleeding), and the ability to be performed under 
conscious sedation in an outpatient setting. All factors leading to significant 
cost reduction [8]. One of the most attractive image-guided ablation therapies 
is FUS ablation. FUS ablation is a non-invasive procedure, i.e. requires no probe 
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insertion and utilizes focused ultrasound energy to coagulate tissue [10]. FUS 
ablation offers a promising method for noninvasive treatment of benign or 
malignant breast tumours. The breast is an organ with an excellent soft-tissue 
window that is required for the ultrasound beam to reach the target volume; 
furthermore the breast can be easily immobilized. This review outlines the 
current status and future directions of image-guided FUS ablation for treatment 
of breast cancer.   

The basic concept of FUS ablation 

Ultrasound beams are generated by a piezoelectric ultrasound transducer and 
propagate through tissue as a high frequency pressure wave. By focusing the 
ultrasound beams to a focal spot at a certain distance from its source, acoustic 
energy is converted to heat, and a sharp circumscribed lesion caused by thermal 
coagulation will be produced [11]. The skin and tissue surrounding the tissue 
lesion will be unaffected or show negligible temperature rise [12]. The induced 
tissue lesion has a typical elliptical shape and a volume of 50-300 mm³ (Figure 1). 

Figure 1. The typical elliptical 
shape of coagulated tissue after 
focused ultrasound ablation. 

For FUS ablation, ultrasound beams with frequencies in the range of 0.5 to 4 
MHz are used depending on the application type and penetration depth which 
to attain, i.e. typical penetration depth is 20 cm at 1.5 MHz. The temperature 
reached within the focal point during a single sonication should be between 
60 and 95ºC. The mechanism for cell damage is primarily thermal [13]. Rapid 
increase in tissue temperature above 56ºC for 1 second results in immediate 
protein denaturation and coagulative necrosis. The extent of cellular damage 
is determined both by the end temperature achieved and length of time for 
which it is maintained [14]. At high ultrasound intensity levels, in addition to 
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thermal effect, mechanical stresses also occur resulting in acoustic cavitation 
and more extensive cell necrosis. In clinical practice acoustic cavitation should 
be avoided because it may result in unpredictable thermal lesions. Since a single 
sonication creates a rather small tissue lesion and the need for cooling between 
sonications necessary to protect tissue heat accumulation and overheating, the 
time for treatment of a breast tumour of several cm³ is rather long and ranges 
from 45 min to 2.5 hr. Several recent articles have reviewed the basic physics of 
FUS for tissue ablation [14-16].   

Choice of image guidance for FUS ablation

The potential application of FUS ablation for thermal tumour destruction was 
demonstrated as early as 1942. Lynn, et al. reported focal lesions after FUS ablation 
in mammalian brain tissue [17]. However, initial clinical success of FUS ablation 
for treatment of neurological conditions and solid tumours was hampered for 
decades by the lack of reliable treatment monitoring and guidance technology 
[18-21]. Developments in imaging technology advanced the ability to use 
FUS effectively and noninvasive FUS ablation regained widespread scientific 
momentum in the 1990’s after integration of the ultrasound treatment device 
with modern imaging system. This was achieved in one of two ways, either by 
using real-time US or MRI [10;22]. Today, MRI is the most sensitive technique 
for diagnosing breast cancer with a sensitivity approaching 100%. Furthermore, 
it is the most accurate imaging modality for visualization and delineation of 
the breast tumour margins [23-26]. Because MRI has an excellent anatomical 
resolution and high sensitivity for tumour detection it offers accurate planning 
of the tissue to be targeted. An additional advantage of MRI over other imaging 
techniques is the possibility for MR-based temperature mapping by exploiting 
the temperature dependence of the water proton resonance frequency [27]. 
Proton resonance frequency shift thermometry allows monitoring temperature 
elevations during and after a focused ultrasound sonication. Damage to 
adjacent structures can be prevented by evaluation temperature elevations in 
the surrounding tissue. As a consequence, by combining focused ultrasound 
as a noninvasive thermal therapy with MRI for planning, guiding, monitoring, 
and controlling the focused ultrasound beam, a real-time image-controlled 
non-invasive breast tumour ablation system [14;15]. The commercial available 
MRI-guided FUS system consists of an FUS ablation device, the ExAblate 
2000™ (InSightec, Ltd., Haifa, Israel) integrated in a 1.5T or 3T MRI magnet 
bore (General Electric [GE] Medical Systems, Milwaukee, Wis, USA). The MRI 
magnet and the focused ultrasound system are integrated and controlled by 
a focused ultrasound workstation and console (Figure 2). The system provides 
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Figure 2. The ExAblate 
2000™ FUS ablation de-
vice (InSightec, Ltd., Haifa, 
Israel) build in a 3-T MRI 
system (General Electric 
Medical Systems) in the 
Lucas MR Imaging Centre, 
Stanford, USA. 

Figure 3. Schematic dia-
gram demonstrating breast 
cancer patient in prone 
position and MRI-guided 
focused ultrasound equip-
ment. 

programmable electronic control over the position and intensity of the focal 
point across the volume of interest with high flexibility, speed and precision 
(Figure 3).
 Diagnostic ultrasound can also be used to guide the FUS ablation procedure 
[22]. With US guidance, the field of the diagnostic transducer is overlying and 
parallel arranged to the therapeutic source and offers real-time visualization of 
the targeted volume [28]. The shortcoming of ultrasound for guiding ablation 
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procedures in the breast is that in general breast tumour size is underestimated 
with this technique [26]. Accurate delineation of tumour margins is a significant 
limiting factor of ultrasound FUS guidance as successful ablation of the tumour 
in its entire volume is mandatory for successful outcome [29;30]. Another 
shortcoming of ultrasound guidance during breast tumour ablation is gas 
bubbles formation in ablated tissue. This results in reflection of the ultrasound 
waves and acoustic posterior shadowing that influences the accuracy for 
delineation hypoechoic ablated tissue from hypoechoic breast tumour tissue 
[29]. Finally, the use of ultrasound during breast tumour ablation is limited by its 
inability to monitor temperature. Despite these shortcomings ultrasound has 
been used for noninvasive FUS ablation of breast cancer, although all reports in 
this area are from the same group [31-39]. Wu and colleagues also developed 
the only commercially available US-guided FUS ablation system (JC-HIFU 
system™, Haifu Technology Co. Ltd., Chongqing, PR China). 

MRI-guided FUS for breast tumour ablation

This first experience of MRI-guided FUS for treatment of benign breast 
tumours was reported by Hynynen, et al. in 2001 [40]. They described the use 
of MRI-guided FUS ablation for treatment of 11 histologically proven breast 
fibroadenomas. Treatment success was defined as complete or partial lack of 
contrast material uptake on post-procedural T1-weighted images, which was 
demonstrated in 8/11 (73%) lesions. In three lesions the treatment was not 
successful which was attributed to low acoustic power and patient movement. 
This report was followed in the same year by the first case-report of MRI-guided 
FUS for treatment of a malignant breast tumour by Huber and colleagues [41]. In 
this feasibility study a patient with a core biopsy-proven invasive breast cancer 
was treated with MRI-guided FUS 5 days prior to breast conserving surgery. 
Analysis of the breast tissue specimen revealed areas of lethal and sublethal 
tumour damage, no exact percentage was provided. After these initial studies, 
Gianfelice and colleagues were the first to report on the accuracy of MRI-guided 
FUS for treatment of breast cancer patients, according to a treat-and-resect 
protocol. In their initial study 12 patients with invasive breast cancer were 
treated with MRI-guided FUS prior to surgery [42]. Histopathologic analysis of 
resected tumour in 9 patients treated with the newest MRI-guided FUS system 
showed that a mean of 88.3% cancer tissue was necrosed. Residual tumour was 
in all cases observed at the periphery of the tumour mass indicating the need 
for larger (>5mm) safety margins around the MRI visible tumour. These results 
were further supported by findings of the same group in 17 patients with 
invasive breast cancer that were treated with MRI-guided FUS prior to surgery 
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Figure 4. Excised breast tissue specimen 
after MRI-guided focused ultrasound 
ablation of a breast cancer, margins 
delineated with black arrows.

[43]. Complete (100%) necrosis (Figure 4) or less than 10% residual tumour 
was observed in 13/17 (76%) lesions. This study also provided evidence than 
contrast-enhanced MRI was a reliable method to predict presence of residual 
tumour after MRI-guided FUS procedure. In agreement with these findings, 
Zippel et al. reported the results of a phase 1 trial on MRI-guided FUS ablation 
of breast cancer, with use of the same ExAblate 2000 system [44]. They treated 
10 patients one week prior to lumpectomy and reported a range of results with 
complete necrosis in only 2 patients (20%). Based on this result it was concluded 
that there are still several issues that needs to be resolved before MRI-guided 
FUS can become a standard therapeutic technique for breast cancer treatment. 
They reported that the precision of the focused sound waves needs to be 
perfected to destroy 100% of tumour tissue within the lesion, as is achieved 
with breast conserving surgery. Secondly, as a surgeon attempts to remove a 
margin of healthy tissue around the lesion to ensure negative margins, they 
proposed that it may be necessary to increase the outer limits of the MRI-guided 
FUS treatment zone to ensure complete eradication of microscopic tumour foci. 
 In the study performed by Khiat et al. the effect of post-treatment delay for 
evaluation of MR images on the presence of residual cancer was assessed in 25 
patients with 26 tumours [45]. Histopathological analyses following MRI-guided 
FUS showed no residual cancer in eight lesions (31%), less than 10% in eleven 
lesions (42%) and between 20-90% in seven lesions (27%). They recommend an 
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interval of approximately 7 days do determine the effectiveness of MRI-guided 
FUS, due to the fact that some benign processes such as oedema, fibrosis, 
necrosis and inflammation can mimic for a malignant process in that period. 
More recently Furusawa et al. published improved results of MRI-guided FUS 
for tumour ablation in a group of 30 breast cancer patients [46]. All patients 
underwent surgery after FUS ablation. On pathologic examination the mean 
percentage of tumour necrosis was 97% of tumour volume. Fifteen patients 
(50%) had 100% necrosis of the ablated tumour.
 The first study on MRI-guided FUS ablation of breast cancer as an adjunct 
to a preexisting tamoxifen citrate chemotherapeutic regimen for treatment of 
elderly, high-risk surgical patients was reported by Gianfelice et al. in 2003 [47]. 
Since no surgical resection was performed after MRI-guided FUS treatment, 
repeat large core-needle biopsy and contrast-enhanced MRI were used to 
detect foci of residual tumour. The total follow-up time was 6 months. Overall, 
19/24 (79%) patients had negative biopsy results after one or two MRI-guided 
FUS treatment sessions. All patients completed at least one treatment session. 
Recently, Furusawa et al reported on the use of MRI-guided FUS for local 
treatment of breast cancer in 21 patients, 17 patients were treated once and 4 
patients twice [48]. Mean follow-up was 14 months. During follow-up patients 
underwent three-monthly breast ultrasound and MRI to detect residual tumour. 
Based on MRI findings one case (5%) of recurrence, i.e. mucinous carcinoma 
was detected. No evidence of recurrence was detected in the other 20 patients 
(95%). However, results on outcome of MRI-guided FUS ablation of breast cancer 
in non-surgical candidates need to be interpreted with caution, since other 
adjuvant treatment regimens such as radiation therapy and/or chemotherapy 
have likely influenced the results. In all studies, MRI-guided FUS treatment was 
performed under local anesthesia. Patients were given analgesic and sedative 
agents intravenously to reduce pain, unnecessary motion, and claustrophobia. 
All patients tolerated the MRI-guided FUS procedure well and only one minor 
complication, a skin burn, was reported. On overview of studies on MRI-guided 
FUS ablation of breast tumours is provided in Table 1.            

US-guided FUS for breast tumour ablation

Experience with ultrasound (US)-guided FUS ablation of breast cancer is limited 
and only reported by Wu, et al. They reported three studies on the accuracy 
of US-guided FUS ablation for breast cancer treatment [31;34;37]. In the first 
controlled clinical trial reported in 2003, a total of 48 women were randomized 
in 2 treatment groups: 1) Control group in which modified radical mastectomy 
was performed (n=25), and 2) US-guided FUS ablation group, in which modified 
radical mastectomy was performed within 1-2 weeks following ablation (n=23) 
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[37]. Of the patients that underwent US-guided FUS ablation prior to surgery 
short term follow-up (1-2 weeks), pathologic and immunochemical stains were 
performed to assess the therapeutic effect of ablation on breast tumour tissue. 
Pathologic findings revealed that complete necrosis was obtained with US-
guided FUS ablation in all patients (100%). The same result on therapeutic effect of 
US-guided FUS ablation of breast cancer, i.e. 100% necrosis, in the same patients 
was republished recently [31]. In this most recent report Wu et al. described 
that a safety margin of 1.5-2 cm around the US visible tumour was chosen to 
ensure complete tumour ablation [31]. The patient cohort of 23 US-guided FUS 
treated patients served as a basis for several other publications mainly focusing 
on the immunohistochemical results as well [32;33]. More recently, the same 
group reported on US-guided FUS as adjunct to chemotherapy, radiotherapy 
and tamoxifen for treatment of 22 patients with 23 malignant breast tumours 
(stage I to IV) [34]. Post-procedural biopsy revealed coagulation necrosis of the 
entire target tumour in all cases (100%). After a median follow-up of 55 month, 
1 patient died (5%) and 2 patients (9%) developed local recurrence. The five-
year disease-free survival was 95%. However, since US-guided FUS was used 
in combination with radiotherapy, chemotherapy and tamoxifen, it is likely the 
combination of treatment regimens that resulted in the five-year survival of 95%. 
No skin burns or serious complications (bleeding or infection) were observed. It 
is remarkable that in all US-guided FUS ablation studies a percentage of 100% 
tumour necrosis was achieved in all patients. In general, this percentage clearly 
exceeds the success percentage of MRI-guided FUS ablation, although MRI is 
expected to be the most reliable imaging modality for breast cancer detection 
and delineation. One potential explanation could be that during the US-guided 
FUS ablation a larger ablation margin was used (Table 2).   

Obstacles for clinical implementation of breast FUS ablation

Breast Conserving Surgery is the gold standard

In the past decades, screening programs and development in breast imaging 
techniques have led to an increase in the detection of early stage breast cancer 
[4]. Breast conserving surgery with radiotherapy has become the gold standard 
treatment for localized breast cancer [3]. The technique is easy to perform for 
qualified surgeons and ensures tumour removal. Although breast conserving 
surgery is the standard treatment, positive margins are found between 10% 
and 53% of the patients [49;50]. Factors significantly associated with positive 
margins include large tumour size, younger age, axillary lymph node-positive 
status, and presence of extensive intraductal component [50]. Furthermore, in 
breast conserving surgery, although categorized as low-morbidity procedure, 
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complications such as bleeding (2%-10%), infection (1%-20%), seroma 
formation (10%-80%) and chronic incisional pain (20%-30%) occur [6]. 
 To be equivalent to surgical removal, the effect of FUS ablation should 
be to achieve total (100%) tumour necrosis. Results of studies on FUS breast 
cancer ablation to date have been variable with histopathologic analysis 
demonstrating complete tumour necrosis in 20% to 100% of patients treated 
[[31;34;37;41-48]. Several factors may be responsible for the variable outcome 
of FUS ablation. Differences in patient selection, imaging techniques used, and 
tumour ablation protocols are three factors, but one of the most critical factors 
may be the size of ablated margins, i.e. healthy breast tissue surrounding the 
tumour that is to be ablated as part of the procedure. 

Size of the ablation margins

Several studies have examined the importance of tumour free surgical margins 
after breast conserving therapy [51]. Ideally the tumour along with a margin 
of at least 10mm of normal appearing tissue is resected to attempt to remove 
any microscopic cancerous tissue in the region [50]. The minimum cosmetically 
acceptable tumour-free margin in relation to the risk of local or distant 
recurrence has been debated in many studies [49;51-53]. For image-guided FUS 

Tabel 2. Overview of studies on ultrasound-guided FUS ablation of breast tumours.

Study Tumours (n) Breast tumour characteristics
Outcome of the ablation 
procedure

1 Wu, et al. 
(2003)* [37]

23 - Invasive breast cancer, 
  not specified (n=21)
- Non-invasive breast cancer, 
  not specified (n=2)
- All tumours < 6 cm in size

- Surgical resection
- Complete necrosis in 
  23 lesions (100%)
- Only TTC staining used

2 Wu, et al. 
(2005) [34]

23 - Invasive breast cancer, not  
  specified (n=21)
- Non-invasive breast cancer, 
  not specified (n=1)
- Missing (n=1)
- All tumours < 5 cm in size

- No surgical resection
- Follow-up range 3-60 months
- Complete necrosis initially 
  (2 weeks) in 23 lesions (100%)
- Local recurrence (after 18 and  
  22 months, respectively) in 
  2 lesions (9%) 

3 Wu, et al. 
(2007)* [31]

23 - Invasive breast cancer, 
  not specified (n=21)
- Non-invasive breast cancer, 
  not specified (n=2)
- All tumours < 6 cm in size

- Surgical resection
- Complete necrosis in 
  23 lesions (100%)
- Only TTC staining used

* Both studies report on the same patient population that is treated with US-guided FUS
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ablation successful treatment of the entire tumour relies on accurate tumour 
volume delineation with the imaging technique (US or MRI) used for targeting 
and monitoring the ablation procedure. In this respect MRI is most accurate 
imaging technique currently available [23]. MRI may also underestimate tumour 
size, especially when extensive ductal carcinoma in situ (DCIS) component 
is present [24]. To address the problem of tumour size underestimation and 
ensure total tumour ablation, different groups have proposed ablation of a 
margin of “healthy” breast tissue surrounding the breast tumour during FUS 
treatment. Gianfelice, et al. reported in their study that the residual tumour cells 
were mainly found at the periphery of the treatment field and proposed that 
this was caused by lack of ablating adequate amount of surrounding healthy 
breast tissue around the tumour [42]. Wu et al. treated 1.5-2.0 cm of normal 
tissue surrounding the tumour and found no residual cancer in all patients [31]. 
Based on breast conserving therapy studies, the tumour and a margin of at least 
10 mm healthy breast tissue should be ablated to increase the probability of 
complete tumour necrosis [42]. 

Methods for margin assessment and residual tumour detection after FUS ablation

If FUS wants to be implemented in clinical breast cancer treatment as an 
alternative to conventional surgery in the future, a reliable method for tumour 
margin assessment and detection of residual tumour after FUS ablation must 
be available. Since FUS treatment would lack surgical excised pathological 
specimen, the tumour margin status could not be assessed by histopathological 
analysis. To date, most protocols have been treat-and-resect protocols, i.e. FUS 
ablation followed by surgery, which allows histopathological tissue examination 
to evaluate the therapeutic effect of FUS. In the few FUS ablation studies where 
treated tumour tissue was left in situ after ablation, different strategies have 
been used to assess outcome. Furusawa et al. used clinical follow-up by MRI and 
US every three months [48]. If one of the modalities showed suspicious findings 
suggestive for residual tumour, large core-needle biopsy (LCNB) of the lesion was 
performed, and if residual tumour or tumour recurrence was found, the affected 
area was treated again with FUS ablation. Gianfelice, et al. used MRI follow-up 
at 10 days, 1,3 and 6 months post treatment to detect residual disease after 
FUS ablation in high-risk surgical patients [47]. Additional to imaging, after 6 
months, multiple LCNBs were performed through different areas of the ablation 
zone. In case of residual tumour, a second FUS procedure was performed and 
followed by another targeted LCNB 1 month later. The technique of LCNB for 
residual tumour detection along the ablation zone margins was also used by 
Wu, et al. They performed LCNB at 2 weeks, 3 months, 6 months and 12 months 
post-treatment [34]. In case of residual tumour patients were subsequently 
treated with modified radical mastectomy. Although no definitive guidelines 
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are available to day, the combination of contrast-enhanced breast MRI and 
multiple LCNBs for residual tumour detection appears to be the most promising 
strategy for candidates after FUS treatment where the treated tumour is left in 
situ. 

Selection of appropriate patients for FUS ablation 

Another important issue for successful FUS ablation is appropriate patient 
selection. Some breast cancer patients cannot be scheduled for FUS ablation 
because of technical reasons. For FUS treatment a distance of at least 1 cm 
between the tumour and the skin (to avoid skin burn) and tumour and chest 
wall (to prevent heat accumulation in the underlying ribs and lung) is required 
[36]. For MRI-guided FUS ablation it is also required that, apart from the 
standard MRI contra-indication, patients must lie still in the closed bore MRI 
magnet for a long period of time, what can be physically and psychologically 
difficult, especially in anxious or claustrophobic patients [28]. When FUS 
ablation is performed for curative treatment of breast cancer, preferentially, 
patients with large tumours (> 5 cm) should not be selected for FUS ablation as 
increased tumour size significantly increase treatment time and probability of 
complete tumour necrosis decreases substantially [43]. Although there are no 
guidelines concerning inclusion of patients based on the tumour size, results 
from the breast cancer radiofrequency ablation studies showed consistent 
100% ablation in patients treated with breast cancers ≤ 2 cm in size [30;54]. 
Another issue that needs to be investigated is the effect of different biological 
tumour characteristics, i.e. ER/PR and her2neu status of the breast cancer cells, 
on the outcome of the FUS ablation. So far, no data is available addressing this 
issue. Additionally, patients diagnosed with extensive DCIS should be excluded 
for FUS ablation. The diagnostic value of MRI for detecting and predicting 
tumour size of DCIS is still controversial. Although a recent study showed a high 
sensitivity of MRI (up to 98%) for the detection of DCIS [55], other study results 
revealed that MRI tends to under- or overestimate the extent of DCIS tumours 
in 17-77% and 11-19% of the patients [56-58] hence use of image-guided FUS 
ablation may result in overtreatment or more importantly undertreatment of 
the DCIS component.  
 When FUS ablation is applied for local tumour control in non-surgical 
candidates with locally advanced breast cancer or metastatic breast disease 
the two issues of tumour size and extensive intradutcal tumour component 
are less important [47]. In these patients it is important that FUS ablation is a 
well-tolerated, low-morbidity, and repeatable method for tumour ablation that 
allows local disease control.   
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Impact of FUS ablation on sentinel node procedure

For breast cancer patients, information about the presence of metastases in 
regional axillary lymph nodes is an important prognostic factor. Sentinel lymph 
node biopsy (SLNB) is a validated minimally invasive diagnostic procedure used 
to determine the status of regional lymph nodes for staging purposes [59-
62]. Theoretically, FUS might affect the accuracy of the sentinel lymph node 
procedure by obstructing or alternating the anatomy of breast lymphatics or 
lymph-drainage. Zippel et al. performed sentinel node biopsy in two of their 
patients treated with FUS [44]. Although a small group, there were no technical 
problems in finding the sentinel node by the use of contrast agent and radio 
isotope guided surgery. Vargas, et al. conducted a study to determine the 
success rate of SLNB in patients enrolled in a clinical trial of preoperative focused 
microwave phased array tumour ablation [61]. Sentinel nodes were found with 
an overall success rate of 91%, which is comparable with other reports on success 
rate of SLNB in the literature [59;60;62]. Although these results imply that there 
might be no impairment in the ability to perform sentinel node biopsy after 
ablation with focused ultrasound, further investigation is necessary.

Potential future applications of FUS ablation 

Although most of the FUS research focuses on thermal ablation for localized 
thermal treatment of breast cancer, it has been reported that thermal and 
mechanical damage of a primary tumour by FUS may trigger systemic biological 
responses in vivo as well. FUS tumour ablation creates a large amount of 
tumour antigens in the form of necrotic cells and damaged tumour cells, which 
may trigger dendritic cells activation. This mechanism may play a critical role 
in FUS induced anti-tumour immune response. This hypothesis was recently 
tested in mice implanted with  adenocarcinomas and treated with thermal 
and mechanical FUS ablation in order to assess FUS-induced effects on the 
mice’s immunological response, as expressed by in vivo dendritic cell activity 
[63]. The results confirmed that mechanical FUS ablation resulted in a systemic 
anti-tumour immune response, and that the response is related to dendritic 
cell activation. The advantage of a systemic anti-tumour immune response is 
attack of residual tumour cells at the primary treatment site but also potentially 
suppression of distant metastases. 
 Another potential therapeutic application is FUS-mediated gene transfer 
[64]. One of the key challenges in cancer gene therapy is spatial and temporal 
control of transgene expression in the tumour cells. In animal models FUS 
induced hyperthermia has been successfully used to induce precise focal 
transgene expression in targeted tumour tissue [65]. This has been achieved 
by using a heat-sensitive promoter, usually the heat shock protein (hsp)70B 
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promoter and a reporter gene such as green fluoresecent protein (GFP) or 
firefly luciferase (Fluc) for in vivo monitoring of accuracy and effectiveness of 
FUS-mediated transgene expression [66]. Future research will focus on FUS 
hyperthermia induced activation of a therapeutic (trans) gene such as tumour 
necrosis factor α or interleukin 12.   
 FUS hyperthermia has also been studied in animal models for targeted 
chemotherapy to solid tumours. Since conventional chemotherapeutic 
regimens cause systemic toxicity, developing strategies for improved targeted 
chemotherapeutic delivery is of great clinical interest. One method used for 
targeted chemotherapy is the use of heat-sensitive liposomes. In this method 
the chemotherapeutic drug is encapsulated in the liposome which results in 
prolonged intra-vascular circulation time. Because malignant tumours are 
associated with neo-angiogenesis resulting in leaky vessels, liposomes will 
preferentially accumulate in the interstitium surrounding the tumour [67]. 
FUS-induced hyperthermia will enhance both extravasation and drug release 
when these heat-sensitive liposomes are used [68;69]. Contrary to these studies 
which have shown enhanced drug delivery using FUS, results of a recent study 
assessing FUS for enhanced uptake of liposome-encapsulated doxorubicin 
in a mouse breast cancer model were disappointing [70]. Further studies are 
required to investigate the exact mechanisms by which FUS hypethermia may 
induce targeted drug release and define which therapeutic agents should be 
used.             

Conclusion

FUS ablation has the potential to become an important modality for non-
invasive image-guided treatment of localized breast cancer. Multiple phase I 
studies have proven MRI-guided and US-guided FUS ablation of breast cancer 
to be technically feasible and safe. The reported efficacy of FUS ablation as 
measured by percentages of complete tumour necrosis ranged from 20% 
to 100%. The difference in outcome between FUS ablation studies can be 
explained by differences in patient selection, imaging techniques, and tumour 
ablation protocols used. Although the results of US-guided and MRI-guided FUS 
ablation are promising, the data is to scant to justify a randomized controlled 
trial that compares FUS ablation with breast conserving surgery for treatment 
of localized breast cancer. To date, MRI-guided treatment protocols of breast 
tumours offer the most accurate imaging technique for breast tumour targeting, 
breast tumour delineation, treatment monitoring (including temperature 
mapping) and detection of residual disease after treatment. The next step 
towards clinical implementation of FUS for breast tumour ablation would be a 
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large prospective treat-and-resect study that assesses the therapeutic efficacy 
of MRI-guided FUS ablation in patients with small (<2cm) solitary breast cancers, 
and provide data that can be used for technique standardization and guidelines 
formulation. In addition, FUS for anti-tumour immune response induction, 
controlled transgene expression and targeted drugs delivery in breast cancer 
patients should be explored. Currently, breast conserving surgery remains the 
gold standard for breast cancer treatment.  
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Abstract  

Purpose

To compare the accuracy of MR-guided Focused Ultrasound (MRgFUS) with 
MR-guided needle-wire placement (MRgNW) for the pre-operative localization 
of non-palpable breast lesions.  

Materials and Methods

In this experimental ex-vivo study, 15 turkey breasts were used. In each breast 
phantom an artificial non-palpable “tumor” was created by injecting an 
aqueous gel containing gadolinium. MRgFUS (n=7) was performed with the 
ExAblate 2000 system (InSightec). With MRgFUS the ablated tissue changes 
in color and increases in stiffness. A rim of palpable and visible ablations was 
created around the tumor, to localize the tumor and facilitate excision. MRgNW 
(n=8) was performed by MR-guided placement of an MR-compatible needle-
wire centrally in the tumor. After surgical excision of the tumor, MR images were 
used to evaluate tumor-free margins (negative/positive), minimum tumor-free 
margin (mm) and excised tissue volume (cm³).

Results

With MRgFUS localization no positive margins were found after excision (0%). 
With MRgNW 2 excision specimens (25%) had positive margins (p=0.48). Mean 
minimum tumor-free margin (± SD) with MRgFUS was significantly larger (5.5 
± 2.4 mm) than with MRgNW (0.9 ± 1.4 mm) (p<0.001). Mean volume ± SD of 
excised tissue did not differ between MRgFUS and MRgNW localization, i.e. 44.0 
± 9.4 cm³ and 39.5 ± 10.7 cm³ (p=0.3).    

Conclusion

The results of this experimental ex-vivo study indicate that MRgFUS can 
potentially be used to localize non-palpable breast lesions in-vivo. 
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Introduction

In the past decades, screening programs and development in breast imaging 
techniques have led to an increased detection of early stage breast cancer [1], 
which reflects in smaller tumor size, tumors that are more likely to be non-
palpable and tumors consisting of carcinoma in situ solely [2]. 
 For patients with non-palpable breast cancer, it may be difficult to localize 
the tumor during breast conserving surgery [3]. Accurate preoperative 
localization of these lesions is essential to achieve complete tumor excision. The 
use of a needle wire (NW) under image guidance is the standard method for 
the pre-operative localization of non-palpable breast tumors [4]. Although it is 
a relatively simple procedure, this technique is not without shortcomings. Most 
importantly, positive tumor margin may be found up to 57% of the patients [5]. 
Alternative techniques, such as radio-active seeds or cryo-assisted localization, 
have consequently been developed to facilitate surgical removal [5;6]. 
 Magnetic Resonance-guided Focused Ultrasound (MRgFUS) uses highly 
focused ultrasound (FUS) to coagulate tissue in a non-invasive way [7]. The 
ultrasound transducer propagates ultrasound through soft tissue, while 
Magnetic Resonance Imaging (MRI) guides the treatment and monitors 
thermometry [7;8]. By focusing the ultrasound beam, the converging ultrasound 
waves create a focal spot at a certain distance from the transducer. Acoustic 
energy is attenuated by the tissue, creating heating and a sharp circumscribed 
lesion [9]. This technique has been reported as a method of non-operatively 
treating breast cancer [10;11]. However, given the substantial clinical benefit 
provided by pathologic staging of the excised breast cancer, the vast majority 
of breast cancers are currently treated surgically. 
 Aside from the induced cellular damage and necrosis, FUS also causes 
macroscopic changes in tissue by altering its color and increasing the stiffness 
in the ablated tissue. In breast tissue, ablated zones are identified as firm whitish 
tissue and beige coagulation necrosis, with clear margins between treated and 
untreated areas [12]. We hypothesize that the stiff ablations induced by MRgFUS 
could be used to localise a non-palpable lesion. We propose creating a palpable 
rim of multiple ablations around a non-palpable lesion that the surgeon can 
use as a guide for excision. 
 In this study we investigate the use of MRgFUS for localization of non-
palpable lesions in comparison to MR-guided needle wire localization (MRgNW) 
in an ex-vivo tissue model. 
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Materials and methods

In this study, 15 turkey breasts were used as a breast phantom model for image-
guided localization of focal breast abnormalities [13]. In all breast phantoms 
an artificial random-shaped non-palpable “tumor” of approximately the same 
composition and volume was created. 0.5-mL aliquots of a molten aqueous 
gel, containing 50 mg/ml porcine skin gelatine (Sigma Aldrich, St. Louis, MO) 
and a 1:200 dilution of gadopentetate dimeglumine (Magnevist; Berlex, Wayne, 
NJ), was injected into the central thicker part of the breast by using a 23-gauge 
spinal needle. This resulted in a non-visible, non-palpable tumor, which was 
seen as a high-signal mass on T1-weighted MR imaging. The mean depth 
±SD of the created tumor, as measured from the breast surface to the upper 
edge of the tumor, was 9.8 ±3.2mm. MR images were acquired with a 3.0T MRI 
imaging unit (Signa; GE Healthcare, Milwaukee, WI) by using a circular 4-inch 
surface coil (Invivo/MRI Devices Corp., Waukesha, WI), especially designed for 
ExAblate breast treatments. Seven breast phantoms were treated with MRgFUS 
localization and eight with MRgNW localization.

MR-guided Focused Ultrasound Localization

MRgFUS localization was performed with the commercially available ExAblate 
2000 system (InSightec-TxSonics, Haifa, Israel and Dallas, TX). This system 
integrates a FUS treatment table into a clinical MRI scanner. The FUS treatment 
table contains a piezoelectric composite, geometrically focused transducer that is 
mounted on a mechanical positioner and immersed in a mineral oil bath, covered 
by a mylar membrane. The transducer has a resonant frequency of 1.1-MHz, and 
is capable of electronic steering on axis. Focal spot volumes have dimensions of 
1-10mm diameter and 2-30mm length, depending on the FUS settings, and can 
penetrate soft tissue up to 20cm inside the body. The tissue in the treated volume 
may reach temperatures on the order of 60°C to 90°C in a few seconds, which will 
lead to protein denaturation and instant tissue necrosis [14].
 For the MRgFUS ablation we used the following strategy (Figure 1). A 
gel-pad was placed on top of the mylar membrane. The turkey phantom was 
placed inside an acoustically-transparent container filled with degassed water, 
surrounded by the surface coil. Ultrasound gel/water mixture was placed 
between all layers for optimal US wave propagation.
 For lesion evaluation, a localizing sequence was followed a 3D gradient echo 
sequence (TR/TE 12.1/2.4; FA 20º; bandwidth 15.63kHz; 512x192 matrix; FOV 20; 
slice thickness 1.5mm) and a 3D iterative decomposition of water and fat with 
echo asymmetry and least-squares estimation (IDEAL) sequence (TR/TE 7.6/5; 
FA 20º; bandwidth 41kHz; 512x192 matrix; FOV 20; slice thickness 1.5 mm). 
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For treatment planning with the InSightec software, T1-weighted spin-echo 
images were acquired in sagittal, transverse, and coronal planes (TR/TE 300-
400/14; bandwidth 16kHz; 256x128 matrix; FOV 20 in coronal plane, 24 in axial 
and sagittal; slice thickness 3mm; 1mm spacing) and transferred to the FUS 
workstation, where an outline of the treatment was drawn. Sonications were 
placed in the coronal plane surrounding the artificial tumor, with a minimum 
distance of 5mm from the tumor edge and adjacent sonications. The number 
of sonications was related to the circumference of the tumor (Figure 2). In this 
way, a visible and palpable rim was created to facilitate surgical excision. The 
gaps between ablations were intended to maximize the palpability given the 
potential for regional variations in stiffness that is anticipated in the human 
breast. The surgeon need only feel the pattern of alternating relatively stiff 
ablations compared to adjacent non-ablated tissue. The cigar-shaped form 

Figure 1. a) MRgFUS treatment 
table. The piezoelectric trans-
ducer (see arrow), which is 
mounted on a mechanical 
positioner, is immersed in a 
mineral oil bath and covered by 
a mylar membrane. b) Set-up 
of MRgFUS treatment table. A 
gel-pad is placed on top on the 
mylar membrane, followed by 
a water-filled container. Plastic 
foil is used to proved hygienic 
placement and removal of the 
turkey breast. The ring-shaped 
single-channel MR surface coil 
is placed around the container 
(see arrow). 

a

b
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of the sonications (diameter x diameter x length (length=depth into tissue); 
approximately 2 x 2 x 10 mm), was used to mark the tumor in a 3rd dimension, 
by creation of an ‘ablation cylinder’ around the tumor.
 MRgFUS ablations were performed with sonications at therapeutic levels 
(FUS Power up to 60W/1000 Joule). The position of each sonication to the 
predetermined target point was verified by using MR temperature maps based 
on temperature-dependent changes in the proton resonance frequency. The 
duration of each ablation was 16 seconds, followed by a required cooling time 
of 45 seconds. After treatment another control series of 3D gradient echo 
images was acquired. 

MR-guided Needle-Wire Localization

The NW localizations were performed using an MR-guided freehand technique 
as described by van den Bosch et al. [15]. During the procedure a fiducial marker 
(Radionics, Z-Medical Inc, Baltimore, MD) was placed near the approximate 
position of the lesion at the outer surface of the breast. Imaging included a 
localizing sequence followed by gradient echo and IDEAL sequences. For 
needle guidance and positioning a T1-weighted fast spin-echo sequence was 
used (TR/TE 400/7.3; FA 20º; ETL 4; bandwidth 62.5kHz; section thickness 3mm; 
FOV 20; matrix 256x192).
 An MR-compatible 20-gauge needle (E-Z-EM, Westbury, NY, USA) was 
inserted into the breast and directed toward the tumor. The needle was 
incrementally advanced until it was in the accurate position. A hookwire was 
deployed and the tip of the wire was placed within 1cm distance from the 
lesion edge. This was documented and confirmed by a final MR imaging set (as 
mentioned above).

Figure 2. InSightec treatment 
planning software on the FUS 
workstation. An outline of 
the treatment with MRgFUS 
is drawn on the coronal plane 
of T1-weighted spin-echo 
images. In total 15 sonications 
are needed to circumference 
this gadolinium tumor (high-
signal mass) (see arrow). 
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Surgical Management and Interpretation of Results

After tumor localization, surgery was performed according to methods in the 
clinical setting as described by Wallace et al [16]. To guide the excision, the 
surgeon was provided with MR images indicating the position of the tumor 
and, if applicable, the wire within the tumor. In both localization techniques, we 
attempted to achieve the same tumor-free margin of ≥5mm around all margins 
of the whole tumor [16]. 
 After surgery, the excised and the remaining part of the turkey phantom 
were analyzed by MR imaging. The following outcomes were measured with 
MR parameters in 3 dimensions (coronal, sagittal and axial planes): the size of 
the gadolinium lesion, the amount of tumor left behind in remaining tissue 
(volume in cm³), minimum tumor-free margins (mm) in excised tissue and the 
amount of tissue excised (volume in cm³). Since the created gadolinium lesion 
generally had the appearance of an ellipsoid, the volume was calculated by the 
ellipsoid formulation V = 1/6 π LWH (Length x Width x Height). Tumor and tissue 
volume was measured on the slices with the largest corresponding diameter. 
All statistical analyses were performed by using SPSS version 12.0.1 software 
package, and P ≤0.05 was considered to indicate a significant difference. A 
student T-test was used to compare the differences in outcome between the 
two methods.

Results

Seven turkey breast phantoms were treated with MRgFUS localization and 8 
were treated with MRgNW localization. All tumors were clearly visible on MRI. 
The mean volume ±SD of the tumor was 12.3 ±4.6 cm³ with MRgFUS and 12.2 
±4.9 cm³ with MRgNW. Mean treatment time ±SD for MRgFUS was 26.3 ±4.0 
minutes. 
 For MRgNW, the position of the wire was placed centrally in the tumor in all 
phantoms. The distance from the tip of the wire to the tumor was smaller than 
1cm with a mean ±SD of 5.4 ±2.4mm. Mean treatment time ±SD for MRgNW 
was 19.1 ±8.2 minutes. 
 After MRgFUS, the surface of the turkey breast phantoms was not damaged 
or discolored in any case. Ablations were palpable from the outside of the 
breast and used as a guide for excision. Between 15 and 19 sonications were 
required to circumference the tumor. Inside the phantom, white cigar-shaped 
sonications were felt and seen clearly, which facilitated total excision of the 
tumor (Figure 3a). The cigar-like shape of the sonications gave the surgeon 
information of the tumor location in the third dimension. 
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 Positive margins were defined as tumor remaining in the turkey breast 
after excision. An overview of the results on margin status is given in Table 
1. With MRgFUS there was no phantom (0%) with positive margins (Figure 
3b). The smallest minimum margin was 1.2mm. With MRgNW 2 phantoms 
(25%) with positive margins were found (Figure 4). In these 2 phantoms, the 
amount of remaining tumor was 1.0x3.0x1.0mm and 1.1x2.0x1.0mm There was 
no significant difference between MRgFUS and MRgNW in founding positive 
margins (P=0.48). After MRgNW, the mean minimum tumor-free margin ±SD 
was 0.9 ±1.4mm. The mean minimum tumor-free margin ±SD in phantoms 
treated with MRgFUS was 5.5 ±2.4mm. This distance was significantly larger for 
MRgFUS (P<0.001). 
 The amount of tissue excised ±SD did not differ between the two localization 
methods, 44.0 ±9.4cm³ after MRgFUS and 39.5 ±10.7cm³ after MRgNW (P=0.3). 

Figure 3. a) Photo of excised 
tissue after MRgFUS localiza-
tion (cut into half ). Notice the 
template of multiple ablations 
(white cigar-shaped discolo-
rations) around the created 
gadolinium tumor in the cen-
tre of the tissue (see arrow). 
b) Coronal T1-weighted MR 
image of the excised tissue 
after MRgFUS localization. The 
smallest tumor- free margin 
measured in this turkey breast 
is 6.8 mm.

a

b
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Table 1. Results after localization type and surgical excision

Case 
number

Depth of 
gadolinium 
tumor (mm)

Amount of tissue excised 
(Length x Broad x Height) 
(mm)

Amount of tumor
left behind 
(None/mm)

Minimum 
tumor-free 
margin  
(None/mm)

MRgNW
1 9.6 37.7 x 21.9 x 38.3 None < 1 
2 7.1 34.8 x 29.3 x 43.2 None < 1 
3 13.9 37.9 x 37.5 x 31.7 None 1.0 
4 11.0 35.6 x 29.7 x 34.3 None 1.0 
5 11.4 40.2 x 36.3 x 40.7 Yes; 1.0 x 3.0 x 1.0 None
6 11.7 37.2 x 39.5 x 29.3 None 4.0 
7 12.3 39.6 x 28.9 x 26.7 None 1.0 
8 8.6 34.8 x 25.0 x 29.5 Yes; 1.1 x 2.0 x 1.0 None
MRgFUS
1 9.8 40.2 x 36.8 x 28.1 None 6.9
2 7.5 39.6 x 35.2 x 23.0 None 7.9
3 3.8 43.4 x 33.5 x 26.2 None 7.1
4 8.0 40.2 x 39.8 x 37.9 None 3.5
5 17.1 46.3 x 32.7 x 27.8 None 6.8
6 7.3 36.2 x 36.6 x 31.6 None 1.2
7 8.4 42.7 x 41.0 x 29.7 None 5.1

Figure 4. a) Transverse plane of 
T1-weighted spin-echo images 
of turkey breast after insertion of 
an MR-compatible NW through 
the gadolinium lesion. b) Photo 
of turkey breast after MRgNW 
localization. The needle wire 
was inserted through a ring-
shaped aqueous fiducial marker, 
which was placed -under MR 
guidance- near the approximate 
position of the lesion. c) Coronal 
T1-weighted MR image after 
MRgNW. Tumor of 1.0 x 2.0 x 
1.0 mm is left behind in turkey 
breast (see arrow). d) Coronal 
T1-weighted MR image of the 
excised tissue after MRgNW 
localization. The needle wire 
is placed centrally trough the 
tumor. The smallest tumor-free 
margin measured in this turkey 
breast is 1 mm.

a

c

b

d
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Discussion

To our knowledge, there are no published studies describing MRgFUS for the 
pre-operative localization of non-palpable breast cancer. In an ex-vivo tissue 
model, we used MRgFUS to create a visible and palpable rim around a non-
palpable lesion that could be used to guide surgical excision. 
 The use of MRgFUS as localization technique is new and has several 
advantages. First of all, it is a non-invasive procedure that does not require the 
insertion of, i.e., a needle or a probe. Secondly, it will allow the tumor, even if it is 
irregularly shaped, to be demarcated along its perimeter, rather than the centre 
(i.e. NW) or two ends (i.e. bracketing wires). In this study, FUS sonications were 
placed in 2 planes or dimensions around the tumor. However, considering the 
cigar-shaped form of the sonications marking of the tumor was per definition 
also done in a 3rd dimension, by creation of an ‘ablation cylinder’ around the 
tumor. Additionally, the surgical approach used at our institute, and replicated 
in the study, entails a “full glandular thickness” resection. Anterior and posterior 
demarcation of the tumor boundary would, in this case, not be clinical useful 
and would use extra time. In the future however, this may be contemplated for 
women with large breast undergoing lumpectomy.  
 Another advantage of MRgFUS as localization technique is that the tumor 
can be removed in total and not-transected, leaving it intact for pathologic 
examination after surgery. However, as with other minimal invasive breast 
therapies, it is conceivable that the tumor margin falls inside the coagulated 
zone, which might increase the risk of inadequate or reduced tumor-free 
margins. There are, however, several histological examinations available to 
evaluate therapeutic effects on both cellular structures and viability of (cancer)
cells, including H&E, histochemical, and immuno-histochemical stains. “Heat 
fixation” of tissue allows histologists to visualize tumor within the FUS ablated 
zone, when excised immediately after treatment [17]. Although this might 
require further study, this phenomenon may in fact be beneficial to MRgFUS 
ablation by further increasing confidence in the assessment of specimen 
margins. Furthermore, sonications from MRgFUS are interleaved, leaving spaced 
areas for assessment of margin status. One could also consider resecting a small 
margin of ‘vital’ tissue around the demarcations, providing margin status behind 
the ablated area’s and also a larger tumor-free margin. Core-needle biopsy 
before treatment remains recommended for accurate diagnostic information.  
 With MRgFUS localization, the success of localization will depend on the 
accuracy of MRI. MRI is, compared to mammography and ultrasound, the most 
accurate imaging modality for anatomic visualization and delineation of breast 
tumor margins and offers accurate planning of the tissue to be targeted [18]. 
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MRI may however also under- or overestimate tumor size, especially when an 
(extensive) ductal carcinoma in situ (DCIS) component is present [19]. Therefore, 
pre-operative core-needle biopsy and mammography will be critical to detect 
patients with significant DCIS component, who might, at first, not be included 
when localizing with MRgFUS.    
 There are a few potential disadvantages for the treatment with MRgFUS. 
Complications such as pain, skin burns and swelling of the breast, have been 
described [10]. Pain is usually well controlled with local anaesthetics and mild 
sedatives can be administered to reduce unnecessary motion, anxiety and 
claustrophobia. In addition, actively cooling the skin can be applied to prevent 
skin burns. Not all patients or breast configurations will be suitable for MRgFUS 
because of technical reasons. A minimum distance of 1cm between the tumor 
and the skin (to avoid skin burn) and chest wall (to prevent heat accumulation 
in underlying ribs and lungs) will be required. 
 Working with FUS requires specially trained and skilled personnel, more 
expensive work equipment and also a relatively longer time for the set-up of the 
MRgFUS system. With experience over time and the development of advanced 
equipment, these disadvantages might be resolved. Also, when tumor-positive 
margins are reduced with MRgFUS, additional costs and patient anxiety for 
re-operations can be reduced, outweighing the time and costs necessary for 
treatment with MRgFUS. So although the use of and treatment with MRI is more 
expensive, this also counts for the costs of repeat surgery for positive tumor 
margins. Future studies would be needed to see if treatment with MRI reduces 
enough repeat surgeries to justify the costs. 
 In this study, a 3.0-T clinical MRI system was used. Working with higher 
field strengths offers a higher signal-to-noise ratio than can be achieved 
by the commonly used 1.5-T MRI systems [20]. This can be used to acquire 
higher quality images and, potentially, to improve morphologic classification, 
delineation of breast cancers and treatment accuracy. However, localization of 
non-palpable tumors with FUS might also be feasible using a 1.5-T system and 
this should be further investigated. 
 Some limitations can be mentioned regarding this experimental ex-vivo 
study. Although turkey breast is commonly used as phantoms in breast biopsy 
work, it does not have the same structure as fibroglandular and fatty human 
breast tissue. The heterogeneous texture of human breast tissue might affect 
the accuracy of FUS sonications and might make it more difficult to feel the 
FUS ablations in a human breast. Although stiffening of fat in breast tissue 
after thermal therapy has been described [12], clinical studies are needed to 
confirm the reliability and the optimal number (spacing) of sonications, with 
which MRgFUS ablations can be felt in patients. Also, quantitative thermometry 
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might not show the thermal lesion in fat, when used as feedback for accurate 
positioning of the ablations. However, T1-weighted imaging show it qualitatively 
very well, due to temperature dependent T1 lengthening, and this can be used 
to monitor the precise location [21]. Furthermore, the surgeon could not be 
blinded to the localization technique used in the phantoms, which might have 
led to treatment bias. 

Conclusion

We have presented the first experimental study for evaluating the use of 
MRgFUS for localization of non-palpable breast lesions in comparison to 
MRgNW in an ex-vivo tissue model. MRgFUS was used to mark a non-palpable 
lesion by creating a palpable and visible rim that was used to guide excision. 
MRgFUS was as least as accurate as MRgNW and provided more adequate 
tumor-free margins. Future clinical studies are needed to investigate MRgFUS 
localization in combination with, and ultimately in comparison to conventional 
needle-wire localization in patients with non-palpable breast cancer.
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Discussion

MRI-guided HIFU offers a promising method for non-invasive -imaging guided- 
treatment of breast tumours. However, to compete with conventional breast-
conserving therapy, there are several important issues that have to be resolved. 
This thesis describes the challenges of the use of MRI as a technique for 1) 
breast cancer detection and characterisation; 2) tumor delineation and patient 
selection. In this section, an overview will be provided of the applications of 
MRI-guided HIFU in breast cancer patients. Finally, recommendations for future 
studies are given. 

Part 1: Magnetic Resonance Imaging for breast cancer detection 
and characterisation

MRI of the breast has become a well established method for the detection 
of breast lesions [1]. Since the introduction of contrast agents in 1986 by 
Heywang et al, MRI is used with increased confidence to detect invasive 
breast cancer, because of the enhancement of malignant lesions [2]. Reported 
sensitivity ranges from 90-100%, making MRI the most accurate method for the 
detection of invasive breast cancer compared to conventional mammography 
and ultrasound [3,4]. Enhancement of the malignant lesion is caused by 
the combination of a) tumor induced neoangiogenesis and b) leakage of a 
gadolinium-containing contrast agent from the relatively weakened tumor 
feeding vessels to the interstitium. The kinetic assessment of MRI in malignant 
tumours typically shows a quick uptake of contrast, followed by a rapid washout 
phase. The rapid washout is most likely caused by the arterioveneus shunts that 
exist within the network of tumor vessels. However, typical curve assessment 
does not account for all breast lesions and reported specificity rates are 
therefore generally moderate, varying between 72-88% [3,4]. Other techniques 
have been developed to increase specificity, such as increasing field strengths, 
diffusion weighted imaging, 3D proton MR spectroscopy and computer aided 
diagnosis (CAD) [5-7]. Several studies have also explored the diagnostic value of 
vessel analysis [8-10]. The first observation of increased vascularity associated 
with breast tumors using contrast-enhanced MRI was reported by Siewert 
et al. in 1997 [11]. They found a significant correlation between the number 
of large blood vessels in the breast and tumor size, concluding that this new 
method could be a further step in differentiating a carcinoma from a benign 
lesion [11]. In 2005, Sardanelli et al. proposed a vascular score to quantify the 
large vasculature in the whole breast [8]. We found that the sensitivity of MRI 
was 100% and specificity 74% based on morphologic and kinetic analyses. After 
adjustment for the breast vascularity score, specificity increased to 87% without 
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affecting sensitivity. Currently, vessel analysis is not routinely evaluated by the 
radiologist when interpreting breast MRI [12]. However, it is an interesting and 
intriguing approach that may be included into MRI readings of the breast in the 
future [13]. Another interesting finding is the presence of vessels entering or 
in contact with the edge of the MRI-visible lesion, noted as the ‘adjacent vessel 
sign’ [10,14]. Other studies have used this adjacent vessel for more extensive 
ablation of the target lesion using MRI-guided HIFU [15,16]. Ablation of vessels 
adjacent to the MRI-visible lesion might be another approach to treat breast 
cancers with MRI-guided HIFU.

Part 2: Magnetic Resonance Imaging for tumor delineation and 
patient selection

Studies have shown that the risk of local tumor recurrence is higher in patients 
with multifocal or multicentric disease [17]. The potential benefit of the pre-
operative use of MRI is more accurate tumor delineation in 3 dimensions 
and detection of multifocal and multicentric disease, occult on conventional 
imaging techniques such as mammography and ultrasound [4,18,19]. As such 
it has been postulated that the use of pre-operative MRI may influence surgical 
management of patients with localized breast cancer, and reduce the number 
of re-excisions and conversions to mastectomy due to positive margins. The 
COMICE trial is the first randomised trial which assessed whether preoperative 
breast MRI decreases reoperation rates in early-stage breast cancer patients [20]. 
Just over 1600 women with early-stage breast cancer were randomly assigned 
to receive preoperative MRI or not. The trial reported equal re-operation rates 
when MRI is used or not (19% in both groups) and has put the potential benefit 
of breast MRI in the preoperative setting under debate [21]. These findings were 
further supported by the MONET trial [22].
 The aim of the MARGINS II study, a collaboration between NKI-AVL and UMC 
Utrecht, was not to identify multicentric disease, but to delineate the size of the 
primary index tumor and identify MRI-occult disease around the index tumor, 
which may be important to define treatment margins when more localized 
breast cancer therapy is indicated. The study focuses on patients with localized 
breast cancer eligible for BCT after conventional imaging as well as after MRI. 
These inclusion criteria resemble those considered for partial breast irradiation 
(PBI) and other minimally invasive therapies [23]. 
 In the MARGINS II study, MRI results were precisely correlated to 
histopathology. In total 64 cases were included and 2351 slides were reviewed 
by the pathologist. The size of lesion at MRI (MRI-visible lesion) corresponded 
well with the size of the index tumor at pathology, with a mean difference 
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of 1.3 mm. These results are in concordance with other studies [18,24]. With 
a margin of 7 mm around the edge of the lesion as visualized with MRI, the 
index tumor, as measured on pathology, could be completely encompassed 
in all cases. Additionally, type, rate and quantity of tumor foci (not visible on 
MRI) as function of distance to the MRI-visible lesion were analysed. A margin 
of 10 mm around the MRI-visible lesion was chosen, which is a typical surgical 
margin in breast-conserving surgery [25]. In approximately half the number of 
lesions, tumor foci were found beyond 10 mm from the edge of the MRI-visible 
lesion. This implies that even with a treatment margin of 10 mm, 50% of tumors 
will have foci beyond. These foci consisted mainly of DCIS. Other imaging-
pathology correlation studies have shown that accurate depiction of the total 
extent of breast cancer with MRI is more limited when DCIS around the index 
tumor is included in the definition of total disease extent [26,27]. Although 
these studies provide insight on the accuracy of MRI to depict disease extent, 
data on the prevalence of MRI-occult disease at various distances relative to 
the MRI-GTV were lacking. This information is needed to assess the ability of 
clinically relevant treatment margins needed to cover the main tumor bulk. It 
should be noted though that occult tumor spread in the breast is effectively 
treated with adjuvant radiotherapy and has shown a decreased local recurrence 
rate from 39% to 14% after breast conserving surgery at 20 years follow-up [28]. 
 Accurate information on the underestimation of tumor foci with MRI is 
especially important for MRI-guided ablation techniques. This finding might 
explain why -until now- relatively low success rates have been reported when 
MRI-guided HIFU is used as a stand-alone treatment modality in treat and resect 
studies. The group of Gianfelice reported in their study that residual tumour cells 
were mainly found at the periphery of the treatment field [29]. They proposed 
that this was caused by lack of ablating an adequate amount of surrounding 
‘healthy’ breast tissue around the tumor. A ‘safety’ treatment margin around 
the MRI-visible lesion was also suggested in other studies, although no specific 
guidelines were proposed [30,31]. Based on our data from the MARGINS II 
study, we propose a margin of at least 1 cm around the primary index lesion. 
In conventional breast therapy, adjuvant radiotherapy has resulted in greatly 
improved local tumor control and reduced mortality after breast conserving 
surgery [32]. Our findings underscore the need to combine MRI-guided HIFU 
ablation of breast cancer with radiotherapy. 
 Based on the relatively low success rate of earlier studies, we suggest to 
incorporate a more strict patient selection that will include only low-risk early 
breast cancers. Strict patient selection is already implemented in studies on, 
e.g., partial breast irradiation instead of whole breast irradiation. As a result, the 
outcomes of these studies have improved considerably [33]. 
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 In 2001, Faverly described a group of breast cancers called breast carcinomas 
of limited extent (BCLE). These were defined as cancers without additional 
tumor foci, i.e., invasive carcinoma, DCIS, and lymphatic emboli foci beyond 1 
cm from the edge of the dominant invasive mass [34]. Selecting BCLE might 
be a first step towards identifying patients indicated for MRI-guided HIFU. We 
re-defined BCLE as an invasive breast cancer, eligible for BCT after conventional 
imaging and MRI, and without additional tumor foci beyond 10 mm from 
the MRI-visible lesion. In this thesis pre-treatment imaging and pathology 
characteristics were established that were associated with BCLE. At multivariate 
analysis, a non-mass lesion at mammography, absence of washout kinetics at 
MRI, a positive ER-receptor and low quantity of DCIS in the index tumor were 
found to be significantly associated with BCLE. 

Based on our study findings we would recommend the following indications 
for MRI-guided HIFU:

1. All tumors should be first evaluated on mammography and ultrasound. 
Caution is advised when a non-mass (microcalcifications only or architectural 
distortion) is found at mammography. For initial selection of HIFU patients 
we advice to select unifocal tumors ≤ 2 cm (T1 stage), considering the 10 
mm treatment margin and the current 10 mm safety margin from skin and 
thoracic wall.  

2. If biopsy of the suspicious lesion confirms the presence of a malignant tumor 
in the breast, the biopsy should also be used to determine the quantity of 
DCIS and the hormonal receptor status. ER negative tumors should not be 
considered. We advise HIFU treatment to focus solely on tumors with no 
DCIS in the biopsy specimen. 

3. MRI is performed in the remaining patients to assess size of the index tumor 
and its margins. Special attention should be paid to the signal intensity 
curve at MRI. Tumors with plateau or increased enhancement are more likely 
to be suitable. 

 Patient age, tumor type, tumor grade and lymph node status were not 
found to be significantly associated with BCLE. However, some of these factors 
have been found to be important prognostic factors for clinically occult disease 
in other studies [35]. For example, ASTRO and ESTRO consensus guidelines 
for partial breast irradiation exclude patients with age < 50 years, because of 
reported higher recurrence rate in this group [33,35]. A prospective validation 
of our and these findings is needed in a larger cohort of patients. 
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 The MARGIN II study focussed on patients with invasive carcinoma, excluding 
patients with pure (only) DCIS. DCIS differs in nuclear grade, angiogenesis and 
growth pattern, resulting in a lack of uniformity and significant variation of 
enhancement pattern. Moreover, approximately 75% of all DCIS show a non-
mass enhancement, making it difficult to estimate tumor size [36,37]. These 
tumors are therefore most likely to be less suitable for MRI-guided minimally 
invasive therapy. 

Part 3: Magnetic Resonance Imaging guided High Intensity 
Focused Ultrasound

A first step toward HIFU-related breast cancer treatment may be in the pre-
operative localization of non-palpable breast lesions. Currently, a guide-
wire is inserted preoperatively under image-guidance in order to guide the 
surgeon towards non-palpable lesions. However, the wire insertion has several 
disadvantages, such as potential displacement, but more importantly, it provides 
no information about the extent of the tumour; tumor positive surgical margins 
may still be found in up to 20-30% of the patients [38]. Alternative techniques, 
such as radioactive seed localization (RSL), cryoassisted localization or radio-
guided occult lesion localization (ROLL) [39-41], have also been developed 
to facilitate surgical removal. This thesis described an ex-vivo tissue model, in 
which MRI-guided HIFU was used to create a visible and palpable rim around 
a non-palpable lesion in a turkey breast that could be used to guide surgical 
excision. In this model we found that the MRI-guided HIFU induced sonications 
which could be felt and seen clearly, probably due to formation of fibrotic tissue 
after ablation. This created a palpable lump which could be used to facilitate 
excision of the tumor and which was more accurate than MRI-guided wire 
localization (quantified by increased rate of tumor-free margins), in an ex-vivo 
setting. 
 The use of MRI-guided HIFU as a localization technique offers several 
advantages. First of all, it is a noninvasive procedure that does not require 
the insertion of a needle or a probe. Second, it allows the tumor, even if it is 
irregularly shaped, to be demarcated along its perimeter, rather than the center 
(as opposed to a guide wire) or two ends (i.e., bracketing wires). Although the 
method seems promising, clinical studies are needed to confirm the reliability 
and the optimal number (spacing) of sonications by MRI-guided HIFU needed 
to create ablated tissue that can be palpated by the surgeon. Although turkey 
breast is commonly used as phantoms in breast biopsy work, it does not 
have the same structure as fibroglandular and fatty human breast tissue. The 
heterogeneous texture of human breast tissue might affect the accuracy of 
HIFU sonications and might make it more difficult to feel the HIFU ablations. 
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Also, the ablations around the index tumor might interfere with accurate 
histopathologic assessment of the tumor margins.  
 In the last two decades MRI-guided HIFU for breast cancer treatment has 
been evaluated in a total of 8 studies. These studies have proven that the 
technique is feasible and safe. When considering only the studies that used a 
treat-and-resect protocol, complete necrosis occurred in 20% to 50% of the 
tumors treated with MRI-guided HIFU [30,42,43]. To be equivalent to surgical 
removal, the effect of HIFU ablation should be total (100%) necrosis of the 
index tumor. Several clinical issues are important when MRI-guided HIFU is 
considered as breast cancer treatment. 
 Concerns have been raised about the heating of gadolinium during HIFU 
treatment. Gadolinium is a paramagnetic metal bound to a DPTA-complex. 
Heating of DPTA-gadolinium may lead to destruction of the DPTA-complex, 
possibly causing the toxic gadolinium to diffuse into the surrounding breast 
interstitium. Untill now, most trials on MRI-guided HIFU for breast carcinomas 
therefore used only unenhanced T1- and/or T2-weighted images shortly before 
and during treatment [42,43] and compared these images with prior obtained 
contrast-enhanced diagnostic MRI. 
 Another important challenge is accurate temperature mapping within the 
breast, necessary for monitoring and controlling MRI-guided HIFU treatment 
in vivo. Accurate temperature mapping by MRI is challenging in near the fatty 
contents in the breast, because these fatty structures have different thermal and 
magnetic properties than water. Deviations in the diameter of the ablated area 
relative to the planned area have been reported [29], together with significant 
temperature error differences due to respiration and susceptibility changes 
[44,45]. Proton resonance frequency shift (PRFS)-MRI thermometry seems the 
method of choice for temperature monitoring of the ablations [44,46].
 A reliable method for detection of residual tumour after HIFU ablation 
must be available. Since MRI-guided HIFU treatment would lack a surgically 
excised pathological specimen, remaining tumour cells can not be assessed 
by histopathological analysis. In the few HIFU ablation studies where treated 
tumour was left in situ after ablation, different strategies were used to assess 
outcome [47-49]. Although no definitive guidelines are available to date, 
combination of contrast-enhanced breast MRI and multiple large-core needle 
biopsies appears to be the most promising strategy to detect residual tumor 
after HIFU treatment. Innovative techniques, such as hybrid imaging with PET/
CT or PET/MRI, near infrared fluorescence optical imaging, high-field MRI or 
spectroscopy might be used in the future.  
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 In breast conserving surgery, adjuvant whole breast radiation has resulted 
in significant reduction of local recurrence [32]. The addition of a boost dose 
is used to account for uncertainties about the tumor extent before and after 
surgery. One of the major challenges is targeting the tumor bed, which is 
currently not performed under real-time image guiding. The addition of a 
boost dose results in a suboptimal cosmetic results and an increased rate in 
severe fibrosis [50]. Other factors that can negatively affect cosmetic outcome 
after BCS and radiotherapy are a large excision volume, the presence of 
postoperative breast complications and larger tumor size [51]. Some of these 
factors may be reduced with the combined use of MRI-guided HIFU and (image 
guided) radiotherapy. Because the ablated tumor remains in situ, more certainty 
exists about tumor position and treatment margins. However, up to now, no 
dedicated studies reported on recurrence rate and cosmetic outcome of MRI-
guided HIFU combined with radiotherapy. These remain important issues for 
future research.  
 One of the most important factors to estimate the prognosis of breast cancer 
patients is the axillary lymph node status [52]. Currently, the sentinel lymph is 
identified using pre-operative injection and/of blue dye or a radiopharmacon 
[53]. The node is identified during surgery and a ‘biopsy’ is taken. If the sentinel 
node is positive, an axillary dissection follows [25]. Ideally non-invasive therapy 
such as MRI-guided HIFU, should be combined with a non-invasive lymph node 
staging method. Diffusion weighted MRI, ultra-small particles of iron oxide 
(USPIO), high field strength MRI, sonovue enhanced ultrasound localization, or 
FDG-PET could help differentiating benign from malignant nodes. Assessment 
of their accuracy for axillary lymph node staging is currently subject of different 
research projects [54-58]. Furthermore, it has been postulated that HIFU might 
affect the accuracy of the sentinel lymph node procedure by obstructing or 
alternating the anatomy of lymph drainage. However, studies have proofed 
equal success rate of finding sentinel node after minimally invasive therapy 
[59]. 

Future directions

Philips has built a dedicated breast HIFU system for treatment of breast tumors. 
Multiple ultrasound transducers are circumferentially built within a cup located 
within an MRI table top. Patient is positioned prone with the breast hanging 
in the cup, which is filled with degassed water to allow transmission of the 
ultrasound beams. In this setup breast tissue can be targeted sideways (Figure 
1). An advantage of this system is that lungs and heart won’t be in the far 
field of the ultrasound beam. This reduces the chance for heat accumulation 
around these vital organs. Furthermore, this system is the only system currently 
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available which allows volumetric HIFU ablation by spiral wise sonications [60]. 
Initially, HIFU ablation was performed by point-by-point ablation, sonicating a 
single focal point at a time until the desired volume is ablated, with a cooling 
period following each sonication [61]. With volumetric HIFU sonication 
ablations, larger, more homogeneous volumes can be made per sonication, 
leading to a reduction in treatment time. The system is currently installed in the 
UMC Utrecht and the first research projects will start in the beginning of 2011. 
Implementation of MRI-guided HIFU into clinical research may be done with 
the following steps:

1. treatment of benign lesions, such as fibro-adenomas (addressing safety, 
cosmesis)

2. localize-and-resect study (addressing safety and accuracy) 
3. treat-and-resect study (addressing efficacy)
4. MRI-guided HIFU of breast cancer in combination with radiotherapy 

(addressing long term efficacy and cosmesis)

Figure 1. HIFU design by 
Philips. Multiple ultrasound 
transducers are integrated into 
the MRI table top around the 
cup, where the breast should be 
placed.

 The most important step towards MRI-guided HIFU of breast cancers in 
clinical practice is a large prospective treat-and-resect study. Patients should be 
preferentially selected according to criteria reported in this thesis. In this treat-
and-resect study MRI-guided HIFU treatment is followed by tumor excision and 
followed by histopathologic analysis of the specimen. Important outcomes are 
complete tumor necrosis and accurate ablation of the planned volume (size 
and shape). When MRI-guided HIFU treatment has proven to be accurate and 
efficacy is comparable to surgical excision, this ablation technique could be 
combined with (image-guided) radiotherapy. 
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Summary

This thesis addresses important issues that need to be resolved prior to 
clinical implementation of Magnetic Resonance Imaging (MRI)-guided High 
Intensity Focused Ultrasound (HIFU) treatment of breast cancer patients. 
In the introduction, the evolution of breast cancer treatment from radical 
mastectomy towards breast conserving surgery is described. The next step 
is the development of image-guided minimally invasive therapies for the 
treatment of early stage breast cancers. Image guidance and knowledge about 
the tumor extent within the breast is important for optimal treatment results. 

Part 1: Magnetic Resonance Imaging for breast cancer detection 
and characterisation

In Chapter 2, the diagnostic accuracy of contrast-enhanced 3.0-T breast MRI 
is assessed. Fifty-four patients were included for the study, with 25 (45%) 
malignant and 31 (55%) benign lesions. Based on morphologic and kinetic 
data analysis, the sensitivity of MRI was 100% and specificity was 74%. After 
adjustment for the breast vascularity score, specificity significantly increased 
to 87%, without affecting sensitivity. The mean number of vessels per breast 
in the malignant cases was 3.2, compared with 1.5 vessels per breast in benign 
cases (p<0.001). Although vessel analysis is currently not evaluated standard by 
the radiologist when interpreting breast MRI, it may be included in the future. 

Part 2: Magnetic Resonance Imaging for tumor delineation and 
patient selection

In this part of the thesis, the MARGINS II (Multi-modality Analysis and Radiogical 
Guidance IN breast conServing therapy) study is described. The aim of this study 
was to delineate the size of the primary index tumor and to identify MRI-occult 
disease around the index tumor, which may be important to define treatment 
margins when MRI-guided HIFU is indicated. Chapter 3 emphasises on margin 
assessment before and after HIFU treatment with MRI.
 In chapter 4, the results of the MARGINS II study are described. Pathology 
findings were reconstructed and correlated to the MRI-visible lesions in 64 breast 
cancer patients. Type, rate, quantity and distance of MRI-occult disease in breast 
cancer patients were obtained. The size of lesion at MRI (MRI-visible lesion) 
corresponded well with the size of the index tumor at pathology. Overall, half 
the number of excision specimens contained subclinical disease at distances 
beyond 10 mm from the edge of the MRI-visible lesion. Based on these data, we 
propose a margin of at least 1 cm around the MRI-visible lesion. Furthermore, 
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the findings indicate the need to combine MRI-guided HIFU ablation of breast 
cancer with (image-guided) radiotherapy.
 It is important to select patients suitable for MRI-guided HIFU. In chapter 
5, tumor characteristics from mammography, ultrasonography, MRI and final 
pathology were analysed for their prediction of ‘breast cancers of limited extent 
(BCLE)’. BCLE were quantified as invasive breast cancers without additional 
tumor foci beyond 10 mm from the MRI-visible lesion. At multivariate analysis, 
BCLE was associated with the finding of a mass at mammography, the absence 
of washout kinetics at MRI, positive ER-receptor and low quantity of DCIS in the 
index tumor. These characteristics can be used when patients are selected for 
MRI-guided HIFU of breast cancer.

Part 3: Magnetic Resonance Imaging guided High Intensity 
Focused Ultrasound

HIFU ablation has been used for treatment of breast lesions in the past decade. 
A review of the clinical studies that have assessed the accuracy of HIFU ablation 
and their results are presented in chapter 6. A total of six clinical studies used 
MRI-guided HIFU to treat breast cancer in a treat-and-resect protocol. Complete 
necrosis occurred in 20% to 50% of the treated tumors. The difference in outcome 
between the studies can be explained by differences in patient selection, 
imaging techniques, and tumour ablation protocols used. These studies have 
proven that MRI-guided HIFU of breast cancer is technically feasible and safe.
 A potential application of MRI-guided HIFU is to facilitate surgical resection 
of non-palpable lesions. The use of MRI-guided HIFU to localize and visualize 
non-palpable tumors for the surgeon is described in chapter 7. In this 
experimental ex-vivo study a comparison was made between results of ‘tumor’ 
free margins after MRI-guided HIFU localization and after MRI-guided wire 
localization in turkey breasts. No positive margins were found in MRI-guided 
HIFU localization (0%) versus 2 excision specimens (25%) with MRI-guided wire 
localization (p=0.48). The mean tumor-free margin was significantly larger after 
MRI-guided HIFU than with MRI-guided wire localization (p<0.001). Although 
there are issues that need further investigation, the results of this experimental 
ex-vivo study indicate that MRI-guided HIFU can potentially be used to localize 
non-palpable breast lesions in-vivo. In Chapter 8, the clinical relevance of our 
findings are discussed and put into perspective. 
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Conclusion

MRI has shown to be accurate for the detection and delineation of invasive 
breast cancer (< 3 cm). However, occult tumor foci around the MRI-visible lesion 
can be found in approximately 50% of the lesions. Selection of patients with 
breast cancers of limited extent, is one of the most important step towards 
clinical use of MRI-guided HIFU for the treatment of invasive breast cancers. 
Several feasibility studies have proven that MRI-guided HIFU of breast cancer 
is technically feasible and safe. However, total tumor ablation was only shown 
in 20 to 50% of the patients. With the knowledge about the accuracy of MRI 
to delineate the invasive index tumor and surrounding disease component, 
and with a more accurate patient selection, total tumor ablation rate might be 
improved. When MRI-guided HIFU has proven to be accurate with an efficacy 
that is comparable to surgical excision, this ablation technique could, when 
combined with (image-guided) radiotherapy, potentially be used for treatment 
of breast cancer.
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Samenvatting 

Dit proefschrift beschrijft een aantal belangrijke onderwerpen richting de 
klinische implementatie van Magnetische Resonantie Beeldvorming (MRI)
geleide High Intensity Focused Ultrasound (HIFU) voor de behandeling 
van patiënten met borstkanker. In de introductie wordt de evolutie van de 
behandeling van borstkanker patiënten beschreven, van radicale mastectomie 
naar borstsparende chirurgie. De volgende stap zou kunnen berusten op 
beeldgestuurde minimale invasieve therapie van kleine borsttumoren. 
Beeldsturing en kennis van tumor spreiding in de borst is belangrijk om deze 
behandeling te optimaliseren. 

Deel 1: Magnetische Resonantie Beeldvorming voor borstkanker 
detectie en karakterisering 

In hoofdstuk 2 wordt de diagnostische waarde van contrast-enhanced 3.0T 
MRI voor borst tumoren bepaald. Vierenvijftig patiënten werden voor deze 
studie geïncludeerd, waarvan 25 (45%) maligne en 31 (55%) benigne laesies. 
Gebaseerd op de morfologie en aankleurings- kinetiek was de sensitiviteit van 
MRI 100% en de specificiteit 74%. Na aanpassing voor een score gebaseerd op 
het aantal bloedvaten in de borst, werd de specificiteit significant verhoogd 
naar 87%, zonder verandering in sensitiviteit. Het gemiddeld aantal bloedvaten 
in de borst was 3,2 voor de maligne laesies en 1,5 voor de benigne laesies 
(p<0.001). Hoewel de analyse van bloedvaten momenteel niet gebruikt wordt 
voor het beoordelen van de MRI door de radioloog, kan dit in de toekomst 
meegenomen worden. 

Deel 2: Magnetische Resonantie Beeldvorming voor tumor 
begrenzing en patiënt selectie 

In dit gedeelte van het proefschrift wordt de MARGINS II studie (Multi-modality 
Analysis and Radiogical Guidance IN breast conServing therapy) beschreven. 
Het doel van deze studie was om de grootte van de primaire index tumor 
en MRI-occulte tumor foci rondom de index tumor te bepalen, die beiden 
belangrijk zijn om een behandelings marge te definiëren voor MRI-geleide 
HIFU. Hoofdstuk 3 gaat in op het belang van behandelings marges voor en na 
MRI-geleide HIFU. 
 In hoofdstuk 4 worden de resultaten van de MARGINS II studie beschreven. 
Bij 64 borstkanker patiënten werden de pathologische bevindingen 
gereconstrueerd en vergeleken met laesie op MRI (MRI-afgebeelde laesie). 
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Het type, aantal, hoeveelheid en afstand van MRI-occulte tumor foci werd 
geanalyseerd. Resultaten lieten zien dat de grootte van de MRI-afgebeelde 
laesie goed overeen kwam met de grootte van de index tumor gemeten bij de 
pathologie. Echter, in ongeveer de helft van de tumoren werden occulte tumor 
foci gevonden voorbij 10 mm vanaf de MRI-afgebeelde laesie. Gebaseerd op 
deze data, stellen we een behandelings marge van tenminste 1 cm rondom de 
MRI-afgebeelde laesie voor. Verder impliceren de bevindingen dat MRI-geleide 
HIFU waarschijnlijk gecombineerd wordt met (beeldgestuurde) radiotherapie. 
 Voor MRI-geleide HIFU is het belangrijk om de geschikte patiënten 
te selecteren. In hoofdstuk 5 worden tumor karakteristieken vanuit de 
mammografie, echografie, MRI en histopathologie geanalyseerd voor hun 
mogelijkheid om een ‘borstkanker met beperkte tumor spreiding (BCLE)’ te 
voorspellen. BCLE werden gedefinieerd als invasieve borsttumoren zonder 
additionele tumor foci voorbij 10 mm vanaf de MRI-afgebeelde laesie. Na 
multivariate analyse was BCLE significant geassocieerd met een massa op het 
mammogram, de afwezigheid van een washout bij de aankleurings-kinetiek 
van MRI, positieve ER-receptor status en weinig hoeveelheid DCIS in de index 
tumor. Deze tumor karakteristieken kunnen gebruikt worden om patiënten te 
selecteren voor MRI-geleide HIFU voor borstkanker. 

Deel 3: Magnetische Resonantie Beeldvorming geleide High 
Intensity Focused Ultrasound 

HIFU ablatie is de afgelopen 10 jaar gebruikt voor behandeling van afwijkingen 
in de borst. Een review van alle klinische studies naar de nauwkeurigheid van 
HIFU ablatie wordt gepresenteerd in hoofdstuk 6. In totaal hebben 6 klinische 
studies MRI-geleide HIFU gebruikt om borstkanker te behandelen in een 
zogeheten treat-and-resect protocol. Complete tumor necrose werd bij 20% 
tot 50% van de behandelde tumoren geïnduceerd. Het verschil in uitkomst 
tussen deze studies kan verklaard worden door verschillende patiënt selecties, 
beeldvormende technieken en tumor ablatie protocollen. Echter, deze studies 
hebben wel laten zien dat MRI-geleide HIFU voor borstkanker technische 
mogelijk en veilig is. 
 Een potentiële applicatie van MRI-geleide HIFU is om de chirurg te 
assisteren bij de resectie van niet-palpabele tumoren. Het gebruik van MRI-
geleide HIFU om niet-palpabele tumoren te lokaliseren en voor de chirurg 
te visualiseren, wordt beschreven hoofdstuk 7. In een experimentele ex-vivo 
studie werd een vergelijking gemaakt tussen ‘tumor’ vrije marges na MRI-geleide 
HIFU lokalisatie en MRI-geleide draad lokalisatie. Na MRI-geleide HIFU werden 
geen (0%) tumor positieve marges gevonden versus 2 (25%) tumor positieve 



Chapter 9

158

marges na MRI-geleide draad lokalisatie (p=0.48). De gemiddelde tumor-vrije 
marge was significant groter na MRI-geleide HIFU dan na MRI-geleide draad 
lokalisatie (p<0.001). Hoewel er nader onderzoek gedaan moet worden naar 
deze methode, laten de resultaten van deze experimentele ex-vivo studie zien 
dat MRI-geleide HIFU potentieel bruikbaar is om niet-palpabele tumoren te 
lokaliseren in-vivo. 
 In hoofdstuk 8 wordt de klinische relevantie van alle bevindingen 
bediscussieerd en in perspectief geplaatst. 

Conclusie 

MRI toont een goede accuraatheid voor de detectie en begrenzing van 
invasieve borstkanker (< 3 cm). Echter, occulte tumor foci rondom de MRI-
afgebeelde laesie worden in ongeveer 50% van de gevallen gevonden. Selectie 
van patiënten met borstkanker met een beperkte tumor groei, is één van 
de belangrijkste stappen richting MRI-geleide HIFU behandeling. Multipele 
studies naar de uitvoerbaarheid van MRI-geleide HIFU hebben laten zien dat 
de handeling van kleine borsttumoren technisch haalbaar en veilig is. Echter, bij 
slechts 20 tot 50% van de patiënten was er sprake van een totale tumor ablatie. 
Met de kennis over de accuraatheid van MRI om de invasieve index tumor af te 
beelden, kennis over het aantal occulte tumor foci, en met een meer accurate 
patiënten selectie, kan het aantal totaal geableerde tumoren verbeterd 
worden. Wanneer MRI-geleide HIFU toeneemt in accuraatheid en effectiviteit, 
en vervolgens gelijk is aan chirurgische excisie, kan deze ablatie techniek 
gecombineerd worden met (beeldgestuurde) radiotherapie en potentieel 
gebruikt worden voor de behandeling van borstkanker.
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