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Chapter 1
Introduction



Breast cancer 
Breast cancer is the most frequently occurring malignancy in women worldwide.1 
Currently, the lifetime risk for a woman to develop breast cancer is as high as 
13%.2 Although the mortality is much lower than its incidence, i.e. 6-19 versus 89 
per 100.000, it still is the most frequent cause of cancer death in women.3 Since 
the 1990s the mortality has declined in most European countries due to multiple 
factors. These factors include the implementation of effective hormone treatments 
and chemotherapy, progress in radiotherapy and surgery strategies, as well as the 
implementation of breast cancer screening programs.4 The Dutch screening program 
led to the earlier detection of breast cancers. In 2009 70% of breast cancers were 
detected before reaching stage II. Of these 17% were ductal carcinoma in situ (DCIS) 
and 53% were stage I, i.e. ≤ 20 mm without lymph node metastases.5 The detection 
of breast cancer in an early stage means a favorable prognosis for the patient.  
When a breast abnormality is discovered at a mammography screening or at the 
general practitioner, triple assessment takes place. Traditionally, triple assessment 
consists of clinical examination, mammography, and fine needle aspiration cytology.6 
Today, breast ultrasound is additionally performed. Furthermore, aspiration cytology 
has largely been replaced by other techniques such as large core needle biopsy, 
which enables histological assessment. 

Magnetic Resonance Imaging 
Since the introduction of Magnetic Resonance Imaging (MRI) of the breast in the early 
90s, its use in clinical practice has steadily increased.7 In contrast to mammography 
and ultrasound it offers excellent soft-tissue contrast, the possibility to obtain 
images in three dimensions, and the ability to capture dynamic physiology. Images 
can be obtained with a variety of tissue contrasts facilitating thorough investigation 
of the region of interest.  
Although there is not one golden standard for imaging parameters due to a multitude 
of hardware and software options, imaging requirements and recommendations 
have been described.8-10 The imaging protocol for breast cancer is based upon 
dynamic contrast-enhanced (DCE) series. For these dynamic series at least four 
consecutive T1-weighted sequences are required, each taking up to a maximum of 
120 seconds with an in-plane resolution of 1x1 mm.10 During the dynamic series 
a contrast-agent is administered intravenously, which increases the breast lesion 
detection due to the increased blood flow and blood volume, neovascularization, 
and capillary leakiness of tumorous tissue.8 With an adequate temporal and spatial 
resolution, the morphology, enhancement, and kinetics (kinetic curve analysis) can 
be assessed of any detected lesion. Other sequences that are commonly used are 
a T1-weighted non fat-suppressed sequence and a T2-weighted sequence. A T1-
weighted non fat-suppressed sequence will show the presence of fat in a lesion, 
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for instance in the hilum of an intramammary lymph node or in fat necrosis. On a 
T2-weighted sequence water-containing lesions or edematous lesions have a high 
signal, such as cysts or myxoid fibroadenomas.9 All imaging findings are described 
according to the BI-RADS-MRI lexicon11;12, providing a consistent standardized 
reporting and interpretation of breast MRI examinations. 
There are several indications to perform breast MRI2;9;13 in the screening phase, 
the diagnostic and staging phase, as well as during the follow-up period. In clinical 
practice, when performed at 1.5 and 3 tesla (T) scanners, breast MRI has an overall 
high sensitivity of 0.90, and lower specificity of 0.72.14 Therefore, research is mainly 
focusing on increasing the specificity with the improvement and implementation of 
techniques such as magnetic resonance spectroscopy (MRS) to observe metabolism, 
and with the investigation of the possibilities of using (ultra-)high field (≥ 3T) strength 
systems.  

7T Magnetic Resonance Imaging
In the past decade MRI systems operating at a field strength of 7T have become 
available for whole-body imaging in the research setting. The primary advantage of 
imaging at 7T is the gain in signal-to-noise ratio (SNR), which scales linearly with the 
static magnetic field strength. It has been shown that over two times SNR increase 
can be achieved for 7T breast imaging compared to 3T breast imaging.15;16 The 
measured gain is greater than theoretically expected solely by the increase in field 
strength. This can be mainly attributed to the optimal aligned coil elements applied 
at 7T. Furthermore, the tissue composition of the breast is favorable over other 
body parts when imaged at 7T MRI, because RF losses are negligible in lipid tissue.15 

The improved SNR enables imaging with both an increased spatial and temporal 
resolution, improving the lesion characterization and functional assessment, 
respectively. Other imaging techniques also benefit from the higher field strength. 
For example, an increased sensitivity to magnetic susceptibility effects allows for 
the investigation of field perturbers such as calcifications. The visualization of 
calcifications may possibly improve DCIS detection and characterization. 

Magnetic Resonance Spectroscopy
Magnetic Resonance Spectroscopy benefits from both the higher SNR and the 
greater spectral dispersion at 7T. With MRS tissue metabolism can be measured 
non-invasively. Up to today, most breast cancer studies have been focusing 
on proton (1H) MRS.17 With 1H MRS the level of the total pool of choline and 
ethanolamine containing compounds (tCho) is measured. This measurement is 
used to investigate the presence of malignancies and to monitor the response to 
neoadjuvant chemotherapy.17-19 However, tCho contains multiple metabolites 
that individually play a role in the tumor metabolism, such as phosphocholine (PC) 
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and glycerophosphocholine (GPE).17;20 With phosphorus (31P) MRS or Magnetic 
Resonance Spectroscopic Imaging (MRSI), these phosphorus metabolites, as 
well as phosphoethanolamine (PE) and glycerophosphoethanolamine (GPE), can 
be measured individually, as is shown in the spectrum in Figure 1. Research has 
shown that an increase in the phosphomonoesters (PME) PC and PE relative to the 
phosphodiesters (PDE) GPC and GPE is associated with progress of disease, while a 
PME to PDE decrease is associated with stable or responding disease.21;22

31P MRS measurements at field strengths ≤ 3T have been challenging mainly due to 
an insufficient SNR. However, with the SNR available at 7T, it is feasible to detect 
and quantify phosphorus metabolites in-vivo.22-24 Furthermore, the greater spectral 
dispersion facilitates the identification of individual phosphorus metabolites; i.e. the 
distinct detection of PC and PE as well as GPE and GPC. Overall, 7T MRI enables 
researchers to investigate the potential of  31P MRS, both for lesion characterization 
and treatment response monitoring.  

Figure 1. 31P MR spectrum of glandular tissue obtained from a volunteer. The phosphomonoes-
ters (PME): phosphocholine (PC) and phosphoethanolamine (PE), as well as the phosphodiesters 
(PDE): glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE) can be assessed 
individually.

Magnetic susceptibility 
Up to 17% of the lesions detected in the Dutch breast cancer screening program 
are DCIS.5 The majority of DCIS lesions are detected due to the presence 
of microcalcifications. The sensitivity of mammography for the detection of 
microcalcifications is high, while the specificity is rather low ranging from 0.24 to 
0.59.25;26 MRI may benefit this patient population, although the imaging of DCIS 
lesions is challenging. The differentiation between the enhancement of healthy 
glandular tissue, benign lesions, and the enhancement of DCIS is not always 
evident.27 Also, the more variable angiogenesis associated with DCIS lesions might 
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play a role in the lesion detection.10 The visualization of the microcalcifications with 
MRI could aid in this problem, which is not possible with regular imaging protocols. 
Calcifications and glandular tissue have a difference in susceptibility to the magnetic 
field. Calcifications are slightly diamagnetic.28 The diamagnetism of the calcifications 
leads to perturbing effects on the signal phase when using gradient echo sequences. 
The sensitivity to susceptibility effects increases with an increasing field strength. 
The combination of the higher sensitivity and the possibility to obtain images with a 
high spatial resolution allows 7T to investigate the perturbations of the signal phase 
to visualize calcifications. 

Challenges of 7T MRI
Besides the potential gains, there are also drawbacks of imaging at the ultra-high 
field strength. First, compared to lower field strengths 7T MRI is known to have a 
greater heterogeneity of the static magnetic field (B0), and of the applied RF field 
(B1+). The B0 inhomogeneity can lead to image quality degradation, for instance 
due to blurring and signal loss at tissue transitions, and also lead to line broadening 
when using spectroscopy sequences.29 The B1+ inhomogeneity results in regionally 
variable flip angles, which not only influences image quality but may also influence 
the interpretation of DCE imaging.30 The inhomogeneities of the B0 and B1+ field 
can be compensated, at least to a certain degree, by using higher-order shimming 
techniques, tailored RF pulses and appropriate hardware.31 However, most of these 
solutions are still being developed or adapted for 7T MRI. Likewise, due to the 
novelty of 7T MRI for human applications, standard hardware to image specific body 
parts is not available (yet) and new RF coils had to be developed to perform breast 
MRI. First, a 2-channel unilateral dedicated breast coil was designed, to investigate 
the possibility of breast imaging at 7T.15 Subsequently, a bilateral breast coil was 
constructed.32 MRI results obtained with the bilateral breast coil in a breast cancer 
patient are shown in Figure 2.   
Up to today approximately 40 ultra-high field strength systems (≥7T) are used 
worldwide, mainly for research purposes.31 With the limited number of systems 
available there are difficulties in setting up multicenter trials. These are ultimately 
needed to validate clinical applications. Moreover, a sufficient density of systems is 
needed to offer the clinical applications to patients. Still, the number of 7T systems 
that is available word-wide is steadily growing. 
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Outline of the thesis
7T MRI offers possibilities that may improve the diagnostic accuracy and treatment 
response monitoring. These possibilities include (1) an increased SNR that 
allows imaging with an increased spatial resolution for an improved morphology 
assessment, (2) a greater spectral dispersion and increased SNR in MR spectroscopy, 
allowing the assessment of the tissue metabolism, and (3) an increased sensitivity 
to magnetic susceptibility differences that can be investigated for the visualization 
of calcifications. The validation of a conventional breast MRI protocol is the first 
step to take before allowing the gradual introduction of techniques that exploit the 
specific properties of 7T MRI. 
The aim of the thesis is two-fold. First, to investigate the feasibility of contrast-
enhanced breast MRI at 7T, and to compare the obtained results with imaging 
results obtained at 3T MRI. Second, to investigate improved and new breast imaging 
techniques. Below, the work of the thesis is briefly outlined corresponding with the 
two goals. 

Part I Dynamic contrast-enhanced breast imaging at 7T
Chapter 2 describes our very first experience with DCE breast MRI at 7T in a patient 
with an invasive ductulolobular carcinoma, and imaging results were compared 
to those obtained at 3T MRI. A clinical evaluation of DCE breast MRI at 7T was 
performed in a dedicated patient study, which is described in chapter 3. Two breast 

Figure 2. DCE 7T MRI results, obtained using a bilateral breast coil, of a 54-year-old female 
patient with an invasive ductal carcinoma and DICS grade 2 in the right breast. Transverse image 
of the 2nd post contrast-injection series showed an irregular mass lesion with irregular margins 
(circle). An additional area of linear enhancement was detected (arrow). However, additional 
biopsy did not show any malignant cells. The kinetic curve assessment showed a rapid rise with 
a wash-out pattern in the delayed phase for the most malignant part of the tumor. The exami-
nation was classified BI-RADS-MRI 5.
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radiologists evaluated twenty DCE MRI examinations of patients with a suspicious 
breast lesion. Lastly, the diagnostic performance of 7T DCE breast MRI was evaluated 
compared to the clinical standard of 3T MRI in an intra-individual comparison study. 
The results of the comparison study are presented in chapter 4. 

Part II Evaluation of improved and new breast imaging techniques 
One of the techniques that will benefit from the higher SNR and also greater spectral 
dispersion at 7T is 31P MRS. The application of 31P MRS in healthy volunteers, and 
the influence of the menstrual cycle on the results, is described in chapter 5. 
Up to 79% of mammographically detected DCIS lesions manifest with microcalci-
fications only. The role of 3T MRI in patients with suspicious microcalcifications 
is established in chapter 6. Here we find that 3T MRI is not sensitive enough to 
sufficiently exclude the presence of DCIS of all grades which would obviate the 
need for a biopsy. Since standard MRI techniques are incapable to visualize the 
microcalcifications themselves, the MR signal phase was investigated to discriminate 
calcifications from surrounding glandular tissue, using the 7T MRI system. The 
method is described in chapter 7, were it was investigated using ex-vivo breast 
tissue.   
In chapter 8 the results of the studies are summarized and discussed. 

Introduction

15

Chapter 1



References
1.  Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA 

Cancer J Clin 2001; 61:69-90

2. Dutch nation-wide Breast Cancer Guidelines IKNL. http://www.oncoline.nl. Version 2.0, 
2012; 43-52

3.  Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden 
of cancer in 2008: GLOBOCAN 2008. Int J Cancer 2010; 127:2893-2917

4.  Autier P, Boniol M, La Vecchia C et al. Disparities in breast cancer mortality trends between 
30 European countries:  retrospective trend analysis of WHO mortality database. BMJ 
2010; 341:c3620

5.  Verbeek AL, Broeders MJ, Otto SJ et al. [Effects of the population screening into breast 
cancer]. Ned Tijdschr Geneeskd 2013; 157:A5218

6.  Irwig L, Macaskill P, Houssami N. Evidence relevant to the investigation of breast symptoms: 
the triple test. Breast 2002; 11:215-220

7.  Stout NK, Nekhlyudov L, Li L et al. Rapid Increase in Breast Magnetic Resonance Imaging 
Use: Trends From 2000 to 2011. JAMA Intern Med 2014; 174:114-121

8.  Kuhl C. The current status of breast MR imaging. Part I. Choice of technique, image 
interpretation, diagnostic accuracy,  and transfer to clinical practice. Radiology 2007; 
244:356-378

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

10.  Morris EA. Diagnostic breast MR imaging: current status and future directions. Magn Reson 
Imaging Clin N Am 2010; 18:57-74

11.  Molleran V, Mahoney MC. The BI-RADS breast magnetic resonance imaging lexicon. Magn 
Reson Imaging Clin N Am 2010; 18:171-185, vii

12.  Edwards SD, Lipson JA, Ikeda DM, Lee JM. Updates and revisions to the BI-RADS magnetic 
resonance imaging lexicon. Magn Reson Imaging Clin N Am 2013; 21:483-493

13.  Yeh ED. Breast magnetic resonance imaging: current clinical indications. Magn Reson 
Imaging Clin N Am 2010; 18:155–169

14.  Peters NH, Borel Rinkes IH, Zuithoff NP, Mali WP, Moons KG, Peeters PH. Meta-analysis of 
MR imaging in the diagnosis of breast lesions. Radiology 2008; 246:116-124

15.  Korteweg MA, Veldhuis WB, Visser F et al. Feasibility of 7 Tesla Breast Magnetic Resonance 
Imaging Determination of  Intrinsic Sensitivity and High-Resolution Magnetic Resonance 
Imaging, Diffusion-Weighted Imaging, and 1H-Magnetic Resonance Spectroscopy of Breast 
Cancer Patients Receiving Neoadjuvant Therapy. Invest Radiol 2011; 46:370-376

Introduction

16

Ch
ap

te
r 1



16.  Brown R, Storey P, Geppert C et al. Breast MRI at 7 Tesla with a bilateral coil and robust fat 
suppression. J Magn Reson Imaging 2013; epub ahead of print. doi: 10.1002/jmri.24205

17.  Begley JKP, Redpath TW, Bolan PJ, Gilbert FJ. In vivo proton magnetic resonance 
spectroscopy of breast cancer: a review of the literature. Breast Cancer Res 2012; 14:207

18.  Bolan PJ, Nelson MT, Yee D, Garwood M. Imaging in breast cancer: Magnetic resonance 
spectroscopy. Breast Cancer Res 2005; 7:149-152. 

19.  Haddadin IS, McIntosh A, Meisamy S et al. Metabolite quantification and high-field MRS in 
breast cancer. NMR Biomed 2009; 22:65-76

20.  Podo F. Tumour phospholipid metabolism. NMR Biomed 1999; 12:413-439

21.  Leach MO, Verrill M, Glaholm J et al. Measurements of human breast cancer using magnetic 
resonance spectroscopy: a review of clinical measurements and a report of localized 31P 
measurements of response to treatment. NMR Biomed 1998; 11:314-340

22.  Klomp DWJ, van de Bank BL, Raaijmakers A et al. 31P MRSI and 1H MRS at 7 T: initial 
results in human breast cancer. NMR Biomed 2011; 24:1337-1342

23.  van der Kemp WJ, Boer VO, Luijten PR, Stehouwer BL, Veldhuis WB, Klomp DW. Adiabatic 
multi-echo 31P spectroscopic imaging (AMESING) at 7 T for the measurement of transverse 
relaxation times and regaining of sensitivity in tissues with short T2* values. NMR Biomed 
2013; 26:1299-1307 

24.  Wijnen JP, van der Kemp WJ, Luttje MP, Korteweg MA, Luijten PR, Klomp DW. Quantitative 
31P magnetic resonance  spectroscopy of the human breast at 7 T. Magn Reson Med 
2012; 68:339-348

25.  Akita A, Tanimoto A, Jinno H, Kameyama K, Kuribayashi S. The clinical value of bilateral 
breast MR imaging: is it worth performing on patients showing suspicious microcalcifications 
on mammography? Eur Radiol 2009; 19:2089-2096

26.  Cilotti A, Iacconi C, Marini C et al. Contrast-enhanced MR imaging in patients with BI-RADS 
3-5 microcalcifications. Radiol Med 2007; 112:272-286

27.  Schouten van der Velden AP, Schlooz-Vries MS, Boetes C, Wobbes T. Magnetic resonance 
imaging of ductal carcinoma in situ: what is its clinical application? A review. Am J Surg 
2009; 198:262-269

28.  Fatemi-Ardekani A, Boylan C, Noseworthy MD. Identification of breast calcification using 
magnetic resonance imaging. Med Phys 2009; 36:5429-5436

29.  Boer VO, van de Bank BL, van Vliet G, Luijten PR, Klomp DW. Direct B0 field monitoring 
and real-time B0 field updating in the human breast at 7 Tesla. Magn Reson Med 2012; 
67:586-591

30.  Kuhl CK, Kooijman H, Gieseke J, Schild HH. Effect of B1 inhomogeneity on breast MR 
imaging at 3.0 T. Radiology 2007; 244:929-930

Introduction

17

Chapter 1



31.  Regatte RR. Why Buy an Expensive ($7 Million) 7T MRI System for Biomedical Research. J 
Magn Reson Imaging 2013; epub ahead of print. doi: 10.1002/jmri.24444

32.  Italiaander MG, Nijholt PJ, Kraff O, et al. High B1 dutycycle in bilateral breast imaging at 7T. 
Proceedings of the 20th Annual Meeting of ISMRM, Melbourne, Australia 2012; p 1493

Introduction

18

Ch
ap

te
r 1







Part I
Dynamic contrast-enhanced  

breast imaging at 7T





Chapter 2
7T versus 3T contrast-enhanced 

breast MRI of invasive ductulolobular 
carcinoma: first clinical experience

B.L. Stehouwer
D.W.J. Klomp

M.A. Korteweg
H.M. Verkooijen

P.R. Luijten
W.P.Th.M. Mali

M.A.A.J. van den Bosch
W.B. Veldhuis

Based on: Magnetic Resonance Imaging 2013; 31:613-617



7T versus 3T contrast-enhanced breast MRI of invasive ductulolobular carcinoma

24

Ch
ap

te
r 2

Abstract
Purpose
Here we describe our first experience with dynamic contrast-enhanced (DCE) MRI 
of breast cancer at 7 tesla (T), compared to 3T and histopathology.

Materials and Methods
A 52-year-old female patient with a mammographically suspicious breast mass 
(BI-RADS 5) underwent 7T DCE-MRI. Results were described according to the BI-
RADS-MRI criteria and compared to 3T and histopathology.

Results
After contrast administration, a homogeneously enhancing, irregular spiculated mass 
was depicted at both 3T and 7T; sizes were identical. The most malignant kinetic 
curve was characterized by a rapid initial rise followed by a wash-out pattern in the 
delayed phase, i.e. a type 3 curve, at both field strengths. Even though T1-effects 
of contrast agents are suggested to be reduced at higher fields, quantification of 
contrast enhancement-to-noise ratio showed a ratio of 4.6 at 7T and 2.8 at 3T when 
comparing contrast-to-noise of the mass before and after contrast administration. 
Both examinations, using a single dose of gadolinium-based contrast agent, 
achieved good image quality. Final histopathological evaluation showed an invasive  
ductulolobular carcinoma with an intraductal component.

Conclusion
This initial experience suggests that clinical dynamic contrast-enhanced 7T MRI of 
the breast is technically feasible and may allow BI-RADS-conform analysis.
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Introduction 
Breast MRI is increasingly used in clinical practice for the diagnosis and staging of 
breast cancer. Until now, its added value lies mainly in the detection of multicentric 
and multifocal disease, the detection of an invasive component in ductal carcinoma 
in situ, depiction of the tumor in three dimensions and the detection of breast 
cancer in dense breasts.1 Currently breast MRI is mainly performed at 1.5 tesla (T) 
and 3T MRI systems.2-4 With the current systems the diagnostic performance yields 
a sensitivity of 0.90 with a specificity of 0.72.1

Recently, ultra-high field 7T MRI has become available in a clinical research setting. 
7T breast MRI offers new diagnostic possibilities that have the potential to improve 
diagnosis and staging of breast cancer patients. Advantages of imaging at ultra-high 
field strengths include: 1) ultra-high resolution imaging for improved morphology 
assessment5, 2) increased sensitivity to phase related changes in susceptibility 
weighted imaging (SWI), for example used for the detection of calcifications6,7, 3) 
improved spectral resolution and signal-to-noise ratio (SNR) in MR spectroscopy, 
allowing better detection possibilities of multiple choline metabolites8,9. Limitations 
of the higher field strengths include increased B1+ field inhomogeneity, which may 
interfere with the interpretation of enhancement kinetics, which are crucial to the 
currently achieved diagnostic accuracy in breast MRI.10 Even at 3T B1+inhomogeneity 
may lead to incorrect interpretations of dynamic contrast-enhanced MRI.11 
However, by tuning T1-weighted (T1w) MR sequences the effects of non uniform 
B1+ in image quality can be reduced. Likewise, T1 effects of contrast agents are 
suggested to be reduced at higher fields.12 However, using stronger T1 weighting by 
sacrificing some of the gains in SNR that come with higher fields, the enhancement 
caused by the contrast agent can still be substantial.
In this report we describe the technical feasibility, and imaging findings according 
to the BI-RADS-MRI criteria, in our first clinically performed dynamic contrast-
enhanced breast MRI at 7T, in comparison to 3T MRI and histopathology.

Materials and Methods 
Subject
We included a 52-year-old female, showing a suspect irregular mass with spiculated 
margins in the right breast at breast cancer screening mammography (Figure 1). The 
lesion was classified as a BI-RADS 5 mass; i.e. highly suggestive of malignancy. The 
patient had no history of breast surgery or radiotherapy to the ipsilateral breast, nor 
had she received chemotherapy. There were no contra-indications for MRI or for 
the injection of a gadolinium-based contrast agent. She underwent 7T MRI prior to 
large core needle biopsy. Subsequently a 3T MRI was clinically performed following 
large core needle biopsy. Core needle biopsy showed ductulolobular carcinoma 
wherefore lumpectomy was performed. The patient gave written informed consent 
prior to the MRI examination and the study had received ethical approval from the 
Institutional Review Board.
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Data acquisition
The 7T images were acquired with a whole-body scanner (Philips Healthcare, 
Cleveland, USA) using a home-build two-channel, double-tuned, unilateral RF breast 
coil (Figure 2). The patient was placed in prone position with the cup-shaped breast 
coil placed directly below the right breast. 
Prior to the clinical exam, numerical simulations were conducted to evaluate 
the spatial sensitivity of T1w imaging at 7T. The simulations were based on 
a T1w sequence with a TR of 5.0 ms, and a nominal flip angle of 20°. The B1− 
field distribution was used to calculate the coil sensitivity, whereas the B1+ field 
distribution was used to calculate the spin saturation. A relatively short average 
T1 value of 600 ms was assumed because the sequence is used to detect contrast 
enhancement.5 The total acquisition time at 7T was approximately 21 minutes and 
included the following sequences:

1. Dynamic series consisting of 7 consecutive 3D T1w gradient echo sequences 
[TR/TE 5.0/2.0 ms, binomial flip angle 20°, FOV 160×160×160 mm3, acquired 
resolution 1×1×2 mm3, temporal resolution of 63 s]. Fat suppression was obtained 
using water selective excitation [binomial 1-3-3-1 slab selective excitation, 
N90% passband: ±150 Hz from water, b10% stop band: ±700 Hz from water, 
inter-pulse timing 0.5 ms, total binomial pulse length 1.7 ms] During this series 
0.1 mmol/kg Gadobutrol was manually injected intravenously at the beginning 
of the second series followed by a 20 cc saline flush. The acquisition time was 
7:25 minutes. 

2. Ultra-high resolution T1w 3D gradient echo sequence with fat suppression by 
means of spectrally selective adiabatic inversion recovery (SPAIR) [TR/TE/TI 
7.0/2.9/120 ms, flip angle 12°, FOV 120×120×120 mm3, acquired resolution 
0.45×0.57×0.45 mm3]. The acquisition time was 13:32 minutes. 

Figure 1. Mammography; cranio-caudal view 
of the right breast. At the top of the image, in 
the lateral part of the breast, an irregular mass 
with spiculated margins is seen (circle), consis-
tent with a BI-RADS-5 lesion, highly sugge-
stive of malignancy.
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3T imaging was performed according to our standard staging breast imaging protocol. 
The 3T images were acquired in prone position using a whole-body MRI (Philips 
Healthcare, Best, the Netherlands), using a dedicated phased array breast coil (MRI 
devices, Würzburg, Germany). The 3T protocol included a dynamic series consisting 
of 6 consecutive T1w 3D gradient echo SPAIR sequences [TR/TE/TI 3.1/1.17/90 
ms, flip angle 10°, FOV 360×360×150 mm3, acquired resolution 1.1×1.1×2.4 mm3, 
temporal resolution of 60 s]. During this series 0.1 mmol/kg Gd was injected with an 
auto injector. Acquisition time at 3T was approximately 24 minutes.

Image analysis
Image analysis of both 7T and 3T images was performed on a Philips workstation. 
Mass morphology, enhancement pattern and enhancement kinetics were scored 
by an experienced breast radiologist according to the BI-RADS-MRI classification 
system as proposed by the American College of Radiology.13 Conform to reading 
MRI scans in a clinical setting, the reader was given knowledge of the location of 
the index mass. Region of interest (ROI)-based analysis of enhancement kinetics on 
a slice through the center of the mass included an ROI around the whole tumor for 
mean mass kinetics, and a 3-voxel-sized ROI for determination of the most malignant 
enhancement curve (i.e. most enhancing area with most washout). The diameter of 

Figure 2. The two-channel double-tuned unilateral RF dedicated breast coil (a) with a zoomed-in 
image of the coil (b).
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the mass was measured in three orthogonal planes, as well as the maximal diameter 
in any plane, on a ultra-high resolution 7T MR image and on a T1w 3T MR image. 
Additionally, a contrast-enhancement-to-noise ratio was calculated at both field 
strengths. This was conducted by comparing the ratio of the signal intensity of the 
mass and the standard deviation of the signal in a homogenous area of glandular 
tissue adjacent to the mass, in the pre- and post-contrast images.

Histopathological analysis
The lumpectomy specimen was marked by the breast surgeon to allow proper 
orientation. The specimen was sliced by the pathologist, and subsequently of all 
slices digital X-rays were made by Faxitron imaging. Macroscopic abnormalities 
were taken out and processed into paraffin-embedded blocks. Four-micron thick 
Haematoxylin & Eosin stained sections were made. WHO criteria were used for 
diagnosing invasive cancer and it was graded according to The Nottingham system.14

Results 
Numerical simulations
The numerical simulations, conducted to evaluate the spatial sensitivity of T1w 
imaging at 7T, showed a reasonably homogenous sensitivity, particularly compared 
with the B1+ field distribution (Figure 3). Additionally, the relative signal was plotted 
against the relative B1 for three T1 values, which showed that the signal will be 
effected by B1 variability in case of strong contrast enhancement but that the 
contrast to glandular tissue remains strong (Figure 4).

Figure 3. Numerical simulations of the sensitivity of a T1w sequence with a nominal flip angle of 
20°, TR of 5 ms and an assumed T1 of 600 ms (b), based on the measured B1+ field in the breast 
at 7T in a healthy volunteer (a). Compared to the distribution of the B1+ field, the sensitivity is 
much more uniform.
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MRI analysis
Both MRI examinations were well tolerated by the patient. Good contrast between 
mass and surrounding fat and fibroglandular tissue was obtained at 7T. Both 
examinations depicted an irregular spiculated mass. The spiculations are more clearly 
visualized at 7T (Figure 5). The mass measured 1.3×1.4×1.4 cm3 at 7T (Figure 5) and 
1.2×1.4×1.5 cm3 at 3T (Figure 6c).  Following contrast agent injection the mass showed 
homogenous enhancement at both field strengths whereby no other suspicious 
masses were detected in the right breast (Figure 6a and c).

Figure 4. Relative signal plotted 
against relative B1 for three 
T1 values. T1=2.3 s represents 
the  relative signal for glandular 
tissue, a relative short T1 of 0.6 s 
represents glandular tissue  where 
contrast agent is present, and 
T1=0.48 s represents lipids. 
Note that the relative signal will 
be affected by B1 variability 
when there is strong contrast 
enhancement, but that the 
contrast to glandular tissue 
remains strong.

Figure 5. Ultra-high resolution T1w post con-
trast MRI (voxel size 0.45×0.57×0.45 mm3) 
obtained at 7T. Excellent lipid suppression was 
obtained using SPAIR, which provided uniform 
suppression, thereby enabling detailed ana-
lysis of lesion morphology. The mass with its 
spiculations is clearly visible.
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The kinetic curve differed at both field strengths in respect to the amount of increase 
of signal intensity: the most malignant kinetic curve at 7T showed a rapid initial rise 
to a peak signal intensity 345% higher than the baseline, followed by a wash-out 
delayed phase (more than 10% wash-out): a ‘type 3’ or ‘malignant type of curve’ 
(Figure 6b). The mass was categorized as BI-RADS-MRI 5, i.e. highly suspicious for 
malignancy.

Figure 6. T1w DCE-MRI results obtained at 7T (a, b) and 3T (c, d). Note the enhanced  SNR as 
well as the enhanced contrast between the tumor and glandular tissue at 7T (a) versus 3T (c). In 
the 7T image an area of higher signal intensity is observed near the nipple, caused by imperfec-
tions in the suppressed fat signal. The cause is a very low excitation angle due to imperfections 
in the binomial chemical shift selective RF pulse due to B0 variances. Enhancement curves (b, d) 
show similar rapid initial rise and a wash-out pattern in the delayed phase for the most malignant 
curve (black squares) according to the BI-RADS-MRI criteria. The average curve shows a plateau 
type pattern at both field strengths (white triangles).
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The most malignant kinetic curve at 3T showed a rapid initial rise to a peak signal 
intensity 150% higher than the baseline, followed by a wash-out delayed phase: also 
a ‘type 3’ curve (Figure 6d). The mass was categorized as BI-RADS-MRI 5 as well. 
The measurements concerning contrast-enhancement-to-noise showed a factor of 
4.6 at 7T (42 before contrast enhancement versus 194 during peak enhancement in 
the 2nd series after injection) and a factor of 2.8 at 3T (17 before contrast injection 
versus 48 during peak enhancement).
Final histopathology showed an invasive ductulolobular carcinoma, Bloom & 
Richardson grade 1, with a grade 1 in situ component. The maximal diameter was 
measured as 1.2 cm.

Discussion
This case report shows that DCE breast MRI at 7T is technically feasible in women 
with breast cancer. This is the first report that directly compares 7T DCE Breast 
MRI to 3T in the same patient, and to histopathology. Morphologic features 
and enhancement kinetics could be described according to the BI-RADS-MRI 
criteria which were congruous at both field strengths. Quantification of contrast- 
enhancement-to-noise showed a higher increase at 7T compared to 3T, even 
though the properties of the contrast agent are less favourable at higher fields.12 As 
is visible on the fat-suppressed T1w images in Figure 6a, the mass has a high signal 
intensity and a very high lesion to background tissue contrast, because of the strong 
T1 weighting applied. This might allow a reduction of the amount of gadolinium-
based contrast agent. 
The sequences used at 7T were designed considering FDA regulations concerning 
specific absorption rate (SAR). At 3T the dynamic sequence was conducted using 
SPAIR. At 7T however, the selective adiabatic inversion pulse is not compatible 
with dynamic imaging predominantly due to SAR limitations. SPAIR was used at 7T, 
but for ultra-high resolution imaging, using a relatively long TR of 7 ms. For the 7T 
dynamic sequence a binomial excitation was chosen. When applying this broadband 
excitation method a selective suppression is achieved in a short period of time 
without exceeding SAR limitations. At 7T a binomial excitation is very effective, 
even more effective than at lower field strengths, because of the relatively short 
phase cycle of water and fat. 
In this report a custom built double-loop coil was used. Although B1+ penetration 
was adequate to visualise the posterior part of the breast, the B1+ field did decrease 
towards the chest wall as can be seen in Figure 6a. Furthermore, in the retroareolar 
part of the breast an area of higher intensity is visible. This can be seen because 
the sensitivity of the coil to any residuals due to uneven fat suppression will be 
stronger near the areola than near the chest wall as both the residual flip angle and 
the sensitivity relate to the B1 of the coil. Improvement in B0 shimming might be 
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considered to further improve image quality, for instance using cost function based 
B0 shimming to weight the performance of B0 shim with respect to the spatial 
variance in B1.15 In the end, T1w gradient echo imaging has a low sensitivity to 
flip angle variances, thereby still providing relatively uniform sensitivity. However, 
for sequences that are sensitive to flip angle variations, such as T2-weighted spin 
echo imaging, additional techniques are required to provide uniform sensitivity. 
For example, adiabatic RF pulses may be applied16 to provide uniform contrast 
with the current coil setup, or RF shimming techniques may be applied using even 
more elements as RF transmitters. Further development of the RF coil into multiple 
receiver elements will optimise signal reception as well as shorten acquisition times 
which may be of use when higher spatial and temporal resolution is required.17 This 
can be achieved by using parallel imaging techniques, which were not applied in this 
case where two channels were combined in quadrature. The need for multi-channel 
coils was also underscored by Umutlu et al. who reported on their experience with 
breast MRI at ultra-high field strength using a single-loop surface coil.10 In fact, in 
their study signal voids were observed that hampered good diagnostic imaging. 
We show that already with two coil elements these signal voids are absent and 
sensitivity of T1w imaging and contrast-enhanced imaging, can be uniform, strong 
and discriminative from non enhanced tissues. 
This first attempt towards breast imaging at 7T was made because of the potential 
advantages, as indicated in the introduction. Validation of a ‘conventional’ breast 
MRI protocol for 7T may allow the gradual introduction of new techniques that 
exploit the specific properties of ultra-high field MR. 
In conclusion, this initial intra-individual comparison of dual-loop 7T DCE breast MRI, 
with 3T MRI and histopathology, shows that clinical dynamic contrast-enhanced 7T 
MRI of the breast is technically feasible and may allow BI-RADS-conform analysis. 
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Abstract 
Purpose
To assess the feasibility of 7T dynamic contrast-enhanced breast MRI in patients 
with suspicious breast masses.

Materials and Methods
Twenty patients with twenty-three suspicious breast masses on conventional imaging 
(mean size 13 mm, range 5–27 mm) were examined at 7T. The MRI protocol included 
a dynamic series with injection of 0.1 mmol/kg gadobutrol (seven consecutive 3D 
T1-weighted gradient echo sequences, resolution 1×1×2 mm3, temporal resolution 
63 s) and ultra-high resolution imaging (T1-weighted 3D gradient echo sequence, 
resolution 0.45×0.57×0.45 mm3). Two observers (R1 and R2) independently judged 
the examinations on image quality and classified lesions according to BI-RADS. The 
added value of ultra-high resolution imaging was assessed. 

Results
The image quality was deemed excellent in 1 and 0, good in 10 and 12, sufficient in 8 
and 8, and insufficient in 1  and 0 for R1 and R2 respectively. Twenty of the twenty-
three lesions were identified at 7T MRI by both observers. All histopathologically 
proven malignant lesions (n=19) were identified and classified as BI-RADS-MRI 4 or 
5. Ultra-high resolution imaging increased reader confidence in 88 % (R1) and 59 % 
(R2) cases. 

Conclusion
The study shows the feasibility of dynamic contrast-enhanced 7T breast MRI, where 
all malignant mass lesions were identified by two observers.

Dynamic contrast-enhanced and ultra-high resolution breast MRI at 7T

38

Ch
ap

te
r 3



Introduction
To date breast cancer has been the most common cancer in women worldwide.1 
Radiological imaging is essential for breast cancer detection and staging, and for 
establishing a treatment plan. Currently, breast MRI plays a role in the diagnostic 
workup to determine the disease extent in patients with invasive carcinoma or 
ductal carcinoma in situ (DCIS), to assess the presence of invasion of the fascia 
and to establish a pre- and mid-treatment status of patients receiving neoadjuvant 
chemotherapy.2

Breast MRI is mostly performed at 1.5T and is only slowly moving towards the 
higher field strength of 3T. Image quality at 3T has been shown to be slightly, but 
significantly, better than the quality of images obtained at 1.5T.3,4

Recently, 7T MRI has become available. A primary advantage of the ultra-high field 
strength is the gain in signal-to-noise ratio (SNR). It has been shown that a >2-fold 
SNR increase can indeed be achieved for 7T breast MRI compared to 3T.5,6 This 
increase can for instance be used to acquire images at ultra-high spatial resolution, 
which may increase diagnostic accuracy.7 Additionally, an increased chemical shift 
dispersion results in a higher spectral resolution for MR Spectroscopy (MRS). MRS 
at 7T may contribute to an improved treatment evaluation in patients receiving 
neoadjuvant chemotherapy.5 Using localized 31P MRS, the possibility of detecting 
phospholipid metabolites, energy metabolites and pH in the breast at 7T becomes 
feasible.8,9 Furthermore, the higher sensitivity to differences in tissue magnetic 
susceptibility can be an advantage in new applications, for example the detection 
of calcifications for an improved assessment of DCIS.10,11 Overall, 7T offers several 
potential advantages for an improved diagnostic accuracy in the screening, workup 
and follow-up of breast cancer patients with MRI.
Contrast enhancement of breast lesions and assessment of enhancement kinetics 
is pivotal in breast MR imaging. A robust 7T protocol containing a dynamic series 
with comparable or increased information content than at lower field strengths is 
essential for the development of comprehensive 7T MR studies in breast cancer 
patients, and for the implementation of new or improved imaging techniques. 
The purpose of this study was to assess the feasibility of 7T dynamic contrast-
enhanced breast MRI in patients with suspicious breast mass lesions using a 
sensitivity-optimised RF coil setup.

Materials and Methods
Study population
We prospectively included consecutive female patients with a suspicious breast 
mass lesion, i.e. BI-RADS 4 or 5, detected on mammography or ultrasound. 
Exclusion criteria were age <18 years, surgery or radiotherapy on the ipsilateral 
breast, a Karnofsky score <70, and pregnancy or lactation. Other exclusion criteria 
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were contraindications to either MRI (according to the hospital’s 7T MRI screening 
guidelines) or to the administration of a gadolinium-based contrast agent. Patients 
underwent one 7T examination, which was performed before large-core needle 
biopsy (LCNB) in the first ten patients to exclude any potential biopsy-induced 
tissue changes. For the second cohort, the examination was planned after LCNB, 
19-gauge needle biopsy in 5 and 14-gauge needle biopsy in 5, to assess biopsy-
induced tissue changes. 
The outcome of the 7T examination did not influence treatment, which was based on 
standard evidence-based medical care. The study was approved by the Institutional 
Review Board. All patients gave written informed consent.

Data acquisition 
The examinations were performed on a 7T whole-body MR system (Philips 
Healthcare, Cleveland, OH, USA). A custombuilt, two-channel unilateral RF breast 
coil was used.9,12 The patients were imaged in prone position with the coil placed 
underneath the breast of interest. The examination time was approximately 22 
minutes and included the following sequences:

1. A dynamic series consisting of seven consecutive 3D T1-weighted (T1w) 
gradient echo sequences (TR/TE 5.0/2.0 ms, binomial flip angle 20°, FOV 
160×160×160 mm3, acquired resolution 1×1×2 mm3, temporal resolution of 63 
s). Fat suppression was accomplished using water-selective excitation (binomial 
1-3-3-1 excitation). During this series 0.1 mmol/kg gadobutrol (Bayer Schering 
Pharma AG, Berlin, Germany) was manually administered at the beginning of the 
second series, followed by 20 cc of saline. The acquisition time was 7:25 minutes.

2. An ultra-high-resolution T1w 3D gradient echo sequence with fat suppression 
by means of spectrally selective adiabatic inversion recovery (SPAIR; TR/TE/TI 
7.0/2.9/120 ms, flip angle 12°, FOV 120×120×120 mm3, acquired resolution 
0.45×0.57×0.45 mm3). The acquisition time was 13:32 minutes.

Image analysis
Two radiologists (R1 and R2, with 7 and 10 years of experience in breast MRI, 
respectively) independently scored all examinations prospectively. They did not 
have access to clinical information such as patient history, physical examination, 
mammography or ultrasound results, or biopsy results. They were acquainted with 
the study inclusion criteria.
MRI analysis was performed using an ARGOS viewing station, enabling simultaneous 
viewing of two dynamic scans linked in three orthogonal directions.13 A color-coded 
overlay was used, showing different levels of initial and late enhancement. 
First, the dynamic series were assessed for image quality on a qualitative four-point 
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scoring scale: 1, excellent; 2, good; 3, sufficient; 4, insufficient. When scoring, the 
following elements were kept in mind: image clarity, artifacts, B1 field heterogeneity 
and quality of fat suppression. Second, the presence of artifacts in general, e.g. 
motion artifacts, wraparound artifacts or chemical shift artifacts, and B1 field 
heterogeneity, namely a gradual decrease in signal from the nipple towards the 
chest wall, and insufficient fat suppression specifically, were scored. Features were 
scored on a three-point scale — 1, none; 2, a little; 3, extensive — and on whether 
their presence influenced image assessment (yes/no). Next, all identified lesions 
were classified according to the BI-RADS-MRI classification system as proposed 
by the American College of Radiology.14 In patients with multiple lesions, a separate 
form was filled out for each lesion.
Ultra-high resolution images were similarly assessed for image quality, artifacts 
in general, and B1 field heterogeneity and fat suppression specifically. The added 
value of the ultra-high resolution images was assessed using the options: a, none; 
b, increased reader confidence; c, change in interpretation; and/or d, other. It was 
possible to select more than one option, for instance, increased reader confidence 
with a change in interpretation. Last, the presence of any biopsy-induced tissue 
changes was scored, including whether or not they influenced image assessment. 
MRI findings were compared with conventional imaging of the index lesions and 
with histopathological findings. For patients with a benign lesion these were the 
LCNB results. For patients with a biopsy-proven malignant disease these were the 
histopathological results of the operation specimen, i.e. lumpectomy or mastectomy 
specimen.

Results 
Patient inclusion
Twenty patients (mean age 56 years; range 36–76 years) with 23 breast lesions 
(one multifocal tumour consisting of 2 lesions and 1 multicentric tumour consisting 
of 3 lesions) suspected of malignancy were included. The lesions were classified 
as BI-RADS 4 (n=7) or 5 (n=16) on conventional imaging. Of the 23 lesions, 19 
were histopathologically proven to be malignant; invasive ductal carcinoma (n=12), 
invasive lobular carcinoma (n=2) and invasive ductulolobular carcinoma (n=5). Four 
lesions were non-malignant: cyst (n=2), sclerosis (n=1) and radial scar lesion (n=1). 
Characteristics of the patients and lesions are presented in Table 1. 

Dynamic series
Image quality of the dynamic series was scored excellent in 1 (R1) and 0 (R2), good 
in 10 (R1) and 12 (R2), sufficient in 8 (R1) and 8 (R2), and insufficient in 1 (R1) and 
0 (R2). Complete results of the image quality, artifacts, B1 heterogeneity and fat 
suppression evaluation are presented in Table 2. 
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Table 1. Characteristics of the 20 included patients with 23 suspicious breast mass lesions, 
detected on conventional breast imaging.
Age (years) Mean: 56 (SD:11, range 36-76)
Main breast symptom

Palpable lesion 12 (60%)
Pain/Discomfort 2 (10%)
Other complaints 2 (10%)
No complaints 4 (20%)

BI-RADS category on conventional imaging
4 7 (30%)
5 16 (70%)

Lesion size on conventional imaging Mean: 13 mm (SD:5, range: 5–27 mm)
Histological type

Benign
Cyst
Sclerosis 
Radial scar lesion

Malignant
Ductal carcinoma
Lobular carcinoma
Ductulolobular carcinoma

4
2
1
1

19
12

2
5

(17%)
(9%)
(4%)
(4%)
(83%)
(52%)
(9%)
(22%)

Table 2. Results of the image quality assessment of the 20 dynamic series, scored by two 
observers (R1 and R2).

R1 R2
Image quality

Excellent 1 0
Good 10 12
Sufficient 8 8
Insufficient 1 0

Artifacts
None 12 7
A little 7 11
A lot 1 2
Influence on image assessment, yes 2 2

B1-field heterogeneity
None 4 11
A little 14 7
A lot 2 2
Influence on image assessment, yes 6 2

Heterogeneous fat suppression
None 2 5
A little 15 13
A lot 3 2
Influence on image assessment, yes 5 2
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Of the 23 index lesions, 20 were prospectively identified on 7T MRI by both 
observers. With a 1×1×2 mm3 acquired resolution, anatomical structures and en-
hancing lesions could be well depicted (Figure 1). The identified lesions included all 
19 histopathologically proven malignant lesions and 1 of the 4 non-malignant lesions, 
namely a scar lesion. 
In the lesion identification one observer (R1) identified one biopsied mass as two 
separate lesions. In another patient two separately biopsied lesions were identified as 

Figure 1. Transverse 7T DCE-MRI results obtained from a 49-year-old female patient with a  
BI-RADS 5 lesion in her right breast. Pre-contrast imaging (a, T1w, voxel size 1×1×2 mm3) showed 
an irregular (R1) or oval (R2) mass with an irregular margin (circle). Following contrast-agent 
administration (b) the mass showed heterogeneous enhancement (T1w, voxel size 1×1×2 mm3).  
Ultra-high resolution imaging (c, T1w, voxel size 0.45×0.57×0.45 mm3) shows great morphological 
detail of the mass lesion. The kinetic curve (d) most indicative of malignant disease showed 
rapid initial enhancement, followed by a wash-out delayed phase: a type 3 or ‘malignant curve-
type’. The lesion was categorised by both observers as BI-RADS-MRI 5, i.e. highly suggestive of 
malignancy. Final histopathology showed a 1.8×1.3-cm2 invasive ductal carcinoma.
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one entity, resulting in a total of 20 identified lesions. The 19 histopathologically proven 
malignant lesions were assessed as BI-RADS-MRI 4 in n=1 and BI-RADS-MRI 5 in  
n=18. The identified non-malignant lesion was classified as BI-RADS-MRI 5 (Figure 2). 
The other observer (R2) identified a tumour consisting of 3 biopsied lesions as 1 
large spiculated lesion, resulting in 18 identified lesions. The histopathologically 
proven malignant lesions were assessed as BI-RADS-MRI 4 in n=1 and BI-RADS-
MRI 5 in n=16. The identified non-malignant lesion was classified as BI-RADS-
MRI 4 (Figure 2). The BI-RADS-MRI descriptors and final assessment categories 
of the breast lesions identified at 7T MRI are presented in Table 3. In the three 
patients in whom the index lesion was not identified, additional findings were 
made. In one patient a 6-mm hypoechoic lesion with indistinct margins was seen 
at ultrasound and classified as BI-RADS 4. On pre-biopsy 7T MRI one observer 
(R1) identified a non-mass-like linear enhancement that was classified BI-RADS-
MRI 0, i.e. inconclusive. The other observer (R2) identified a regional non-mass-like 
enhancement with stippled/punctuate internal enhancement that was assessed as 
BI-RADS-MRI 3, i.e. probably benign. At ultrasound before MRI, the index lesion 
was  suspected of being a cyst and aspiration was performed, after which the 
lesion was irreproducible at ultrasound. A second patient case showed a 1.6-cm 
hypoechoic lesion with architectural distortion on ultrasound that was classified as 
BI-RADS 4. On pre-biopsy 7T MRI one observer (R1) identified two foci while the 
other (R2) identified a 5-mm oval mass lesion that was suspected of being a lymph 

Figure 2. Transversal 7T MRI results obtained from a 52-year-old woman with a BI-RADS 4 lesion 
in her left breast. Both observers scored the lesions as suspicious, BI-RADS-MRI 5 and 4, respec-
tively, in assessment of the dynamic series (a, T1w, voxel size 1×1×2mm3, circle). Ultra-high resolu-
tion imaging (b) increased reader confidence for both observers (T1w, voxel size 0.45×0.57×0.45 
mm3) and caused one observer (R2) to upgrade to a BI-RADS-MRI 5 because of the visibility of 
spiculations (circle). Histopathology however, showed the lesion to be a radial scar.
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node. Both were classified as BI-RADS-MRI 3. Histopathology of the index lesion 
showed sclerosis. A third patient case showed a 9-mm oval lesion on ultrasound 
investigation that was partly hypoechoic and partly hyperechoic. It was classified 
as BI-RADS 4. On pre-biopsy 7T MRI one observer (R1) identified a linear non-
mass-enhancement that was classified as BI-RADS-MRI 4a. The other observer (R2) 
identified a non-mass-like enhancement that was stippled/punctuate, necessitating 
a BI-RADS-MRI 3 classification. Histopathology of the index lesion showed cyst wall 
with ductal hyperplasia.

Ultra-high resolution imaging 
Ultra-high resolution images were obtained in 17/20 (85%) patients. Image quality 
was scored as excellent in 13 (R1) and 6 (R2), good in 3 (R1) and 11 (R2), and 
sufficient in 1 (R1) and 0 (R2). Complete results of the image quality, artifacts, B1 

Table 3. BI-RADS-MRI descriptors and final assessment categories of the breast lesions 
identified at 7T MRI, scored by two observers (R1 and R2).

BI-RADS-MRI descriptors of the 20 identified index lesions R1 (No.) R2 (No.)
Mass 19 17

Shape
Oval 0 2
Lobular 0 3
Irregular 19 12

Margin
Smooth 1 0
Irregular 8 12
Spiculated 10 5

Enhancement
Homogeneous 0 2
Heterogeneous 16 10
Rim enhancement 3 5

Non-mass 1 1
Distribution

Ductal 1 0
Multiple-regions 0 1

Internal enhancement
Clumped 1 1

Kinetics Mass + Non-mass
Curve, inital phase

Rapid 19 17
Medium 1 1

Curve, delayed phase
Plateau 1 1
Washout 19 17

BI-RADS-MRI classification
4 1 2
5 19 16
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heterogeneity and fat suppression evaluation are presented in Table 4. The added 
value of ultra-high resolution imaging was scored ‘no added value’ in n=2 (R1) and 
n=5 (R2), ‘increased reader confidence’ in n=15 (R1) and n=10 (R2) and ‘change in 
interpretation’ in n=3 (R1) and n=7 (R2). The changes in interpretation that resulted 
in BI-RADS-MRI category changes were: a change from BI-RADS-MRI category 0 
to 1 (R1) and a change from BI-RADS-MRI 3 to category 2 (R2) in a patient with a 
cyst where additional findings were scored. In a second patient case both observers 
changed from a BI-RADS-MRI 4 to 5, where histopathology showed an invasive 
ductal carcinoma (Figure 3). A third patient case was downgraded by one observer 
from a BI-RADS-MRI 5 to BI-RADS-MRI 4, where histopathology showed an 
invasive ductal carcinoma. Lastly, one observer upgraded a patient case from a BI-
RADS-MRI 4 to 5 where histopathology showed a scar lesion (Figure 2). 
Changes in the interpretation of BI-RADS-MRI characteristics on the ultra-high 
resolution imaging not resulting in a categorical change were signs of chest wall 
muscle invasion (n=1), a spiculated margin where first an irregular margin was 
scored (n=2) and two architectural distortions in the same quadrant as the index 
lesions indicating potential multifocal  disease.

Table 4. Results of the image quality assessment of the 17 ultra-high resolution examinations, 
scored by two observers (R1 and R2).

R1 R2
Image quality

Insufficient 0 0
Sufficient 1 0
Good 3 11
Excellent 13 6

Artifacts
No 12 12
A little 5 5
A lot 0 0
Influence on image assessment, yes 1 0

B1-inhomogeneity
No 2 16
A little 15 1
A lot 0 0
Influence on image assessment, yes 1 0

Heterogeneity of fat suppression
No 14 13
A little 3 4
A lot 0 0
Influence on image assessment, yes 0 0
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Biopsy-induced changes
In the ten patients imaged before biopsy neither observer scored any biopsy-induced 
tissue changes. In the ten patients imaged after biopsy one observer did not score 
any changes, while the other did in three patient cases. In none of these images was 
the assessment affected. One of the three patient cases is presented in Figure 4.

Figure 4. Ultra-high resolution image (trans-
versal slice, T1w, voxel size 0.45×0.57×0.45 
mm3) from a 58-year-old female patient with 
two BI-RADS 5 lesions in her left breast who 
was imaged after large core needle biopsy (14 
gauge 22-mm biopsies). One of the observers 
scored biopsy-induced tissue changes, which 
were observed as focal enhancement among 
subtle susceptibility artefacts (arrow). It did not 
influence image assessment.

Figure 3. Ultra-high resolution image (trans-
versal slice, T1w, voxel size 0.45×0.57×0.45 
mm3) from a 71-year-old female patient with 
a BI-RADS 5 lesion in her left breast. Based on 
the dynamic series both observers scored a BI-
RADS-MRI 4. Ultra-high resolution imaging as 
shown here caused a change in interpretation. 
Both observers upgraded to a BI-RADS-MRI 
5 because of the visibility of spiculations. The 
inset shows the lesion magnified. Histopatho-
logy showed a ductal carcinoma with a 0.9-cm 
largest diameter.

Discussion
The 20 examinations were described according to the BI-RADS-MRI classification 
system and 20 of the 23 suspicious breast masses found on conventional imaging 
were prospectively identified at 7T MRI by two observers. All histopathologically 
malignant lesions (n=19) were identified by both observers and classified as BI-
RADS-MRI 4 or 5. However, on the basis of T1w dynamic imaging, one of the non-
malignant lesions was scored as BI-RADS-MRI 4 or 5 as well. 
We did not encounter any adverse events regarding the tolerability of patients to 
imaging or contrast-agent administration. However, in three patients the imaging 
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protocol was halted prematurely: in one owing to pre-existent abdominal difficulties, 
in another owing to intolerability to acoustic noise and in a third patient owing to 
technical difficulties. Nevertheless, in all subjects the contrast-enhanced series were 
technically successfully performed.
Ten patients were imaged before LCNB, and another ten thereafter. There are 
few data on the effects of a biopsy on MR image assessment. In one study it was 
found that core biopsy before MRI does not affect the accuracy of MRI tumor size 
assessment ≥1 day later.15 No other effects were evaluated in that report. We found 
no effects of the biopsies on the imaging assessment, leading to the conclusion that 
it is feasible to perform 7T breast imaging after LCNB. 
A known drawback of 7T imaging is a greater RF signal heterogeneity that is 
detrimental for breast MRI.16 Even at 3T the B1+ heterogeneity, leading to regionally 
variable flip angles, may influence the interpretation of dynamic contrast-enhanced 
images.17 However, by using a sensitivity-optimised RF coil, the higher sensitivity 
close to the coil elements can be exchanged for increased signal saturation, while 
less saturation can be applied further from the elements where the sensitivity is 
lower. Consequently, the relative T1 sensitivity is reasonably homogeneous.12 Even 
in the case of a two-fold B1+ variation, it has been shown that the signal still results 
in a strong contrast-enhanced tissue to non-enhanced glandular tissue contrast.12 

Still, the image quality assessment showed that the B1 field heterogeneity influenced 
image assessment of the dynamic series in six (R1) and two (R2) patient cases. A 
possible solution would be to use a uniformity correction, based on individually 
acquired B1+ maps, to adjust for signal variation.
Furthermore, heterogeneity of the B1 field makes it difficult to achieve an accurate 
180° flip angle distribution in a spin echo sequence. At this stage T2-weighted 
imaging is not included in the imaging protocol. Recent advances in RF pulse designs 
may enable accurate T2-weighted MRI of the breast at 7T as well, using either 
adiabatic RF pulses or B1 compensating RF pulses.18,19

As described previously, one of the non-malignant lesions was identified and 
classified as BI-RADS-MRI 5 (R1) or 4 (R2), where histopathology showed a 
radial scar lesion (Figure 2). It is known from the literature, however, that these 
lesions can be indistinguishable from a carcinoma on T1w contrast-enhanced fat-
suppressed MRI.20 Furthermore, one of the observers (R2) upgraded to BI-RADS-
MRI 5 based on spiculations visible on ultra-high resolution imaging. Because the 
acquisition of the sequence is started a reasonably long time after contrast-agent 
administration, hardly any or no contrast enhancement is visualised. Therefore, 
it could not aid in the distinction between a medium enhancing malignancy and 
enhancing fibroelastic tissue. In the other three non-malignant patient cases the 
index lesion was not identified and additional findings were scored. In two patient 
cases both observers classified the findings as probably benign. In a third patient 
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case, however, one observer classified it a BI-RADS-MRI 4a. In all patient cases the 
7T examination did not influence the patient’s treatment. Unfortunately, no follow-
up imaging was available of this patient. Several factors could have attributed to 
the fact that additional findings were noted. First, the observers had no access to 
clinical information or conventional imaging results. Second, only T1w dynamic 
series were available for lesion identification, while clinically used T2w imaging 
or non fat-suppressed T1w imaging might have been of assistance. Also, by being 
aware of the inclusion criteria, the observers might have been prone to identifying 
at least one lesion per case. Still, MRI is known for its high sensitivity and reasonably 
low specificity21, whereby a false-positive lesion could have occurred. Last, the 
setup allowed for unilateral imaging, whereas in clinical practice bilateral imaging 
is standard. Inherent to bilateral imaging is the comparison of enhancement in both 
breasts. 
With the introduction of 7T for human imaging new RF coils had to be designed 
for any anatomical region of interest. In the first report published on contrast-
enhanced breast imaging at 7T a single-loop coil was used.16 The study showed the 
complexity of breast imaging at 7T and only moderate imaging quality mainly due to 
coil limitations. The upgrade to a two-channel coil, as described in the current study, 
already shows encouraging improvements. However, further coil improvements will 
have to be made to at least equal clinical standards. On the one hand, multiple 
receiver elements can be implemented to exploit the SNR available by allowing 
imaging at a higher spatial and temporal resolution when using parallel imaging 
techniques.22 The potential of ultra-high resolution imaging is illustrated here, with 
an increase in reader confidence in 88% (R1) and 58% (R2) of patient cases. On the 
other hand, a bilateral setup will be necessary, of which the first steps have been 
recently presented.6,23

In summary, this prospective evaluation in a clinical setting has shown that 7T 
dynamic contrast-enhanced breast MRI in patients is feasible and amenable to 
evaluation according to the BI-RADS-MRI lexicon.
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Abstract 
Purpose
To evaluate 7T breast MRI compared to 3T on an intra-individual basis.   

Materials and Methods
Twenty female patients (mean age 55; SD 9; range 32-74) with twenty-two 
suspicious breast lesions on conventional imaging (12 cases BI-RADS 4, and 8 cases 
BI-RADS 5) of which histopathology was obtained, underwent 7T and 3T MRI. 
Examinations were rated by two radiologist (R1 and R2) on qualitative image quality, 
and lesion identification and classification according to the BI-RADS-MRI lexicon. 
Sensitivity, specificity, NPV and PPV were assessed for both field strengths, as well 
as observer agreement for BI-RADS-MRI categories, and lesion sizes and contrast-
enhancement-to-noise ratios (CENRs) of invasive mass lesions. 

Results
Ten of eleven histopathological proven malignant lesions were detected at both 
field strengths, and classified BI-RADS-MRI 4 or 5. Image quality for the dynamic 
series was good at 7T (R1 and R2), and excellent (R1, P<0.05) and good at 3T (R2, 
P>0.05). Sensitivity, specificity, NPV and PPV at 3T for R1 were 0.91, 0.67, 0.86 and 
0.77, and at 7T 0.91, 0.78, 0.88 and 0.83, respectively. For R2 results were equal at 
both field strengths; 0.91, 0.78, 0.88 and 0.83, respectively. The observers showed 
excellent and good agreement for BI-RADS-MRI categories (κ = 0.79 for 7T and 
0.89 for 3T). Lesion sizes did not differ significantly (P>0.05), while CENRs were 
higher at 7T (P=0.05). 

Conclusion
The establishment of an at least equal diagnostic performance of 7T compared to 3T 
MRI allows for the full potential of 7T breast MRI to be further explored.
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Introduction  
Dynamic contrast-enhanced (DCE) breast MRI plays an important role in the 
detection and staging of breast cancer.1;2 It has a high sensitivity of approximately 
0.90 for the detection breast cancer, although the specificity of 0.72 is relatively 
low.3 Therefore, research has focused on improving specificity. Not only techniques 
such as diffusion weighted imaging4 or MR Spectroscopy5, are being investigated 
for an improved lesions characterization, but also the possible gains of higher field 
strengths are assessed. 
Today, DCE breast MRI is performed using 1.5 tesla (T) and 3T scanners. Advantages 
of breast imaging at 3T over 1.5T, reviewed by Rahbar et al6, are a higher spatial and 
temporal resolution resulting in improved lesion detection and characterization, a 
more homogeneous fat suppression due to greater spectral separation of fat and 
water, and a greater contrast-to-noise ratio. In the last few years 7T MRI has been 
investigated for its potential role in breast cancer diagnosis and management.7-9 
Moving to 7T brings benefits in respect of SNR10;11, which can be used for higher 
spatial and temporal resolution imaging12, possibilities to improve MR spectroscopic 
imaging13, and opportunities to develop new techniques for example amide proton 
transfer imaging.14 However, there are also drawbacks of 7T, such as a greater 
heterogeneity of the static magnetic field (B0), and of the applied RF field (B1+). The 
first attempt to perform DCE breast imaging at 7T showed the complexity, and only 
moderate image quality when using a single loop coil.9 Subsequent improvements 
in hardware and imaging strategies have led to an improvement of image quality, 
and showed the feasibility to image breast cancer, and evaluate the examinations 
according to the BI-RADS-MRI lexicon.8;15 Today, the first bilateral set-ups are 
available, which illustrate its evolution towards clinical usage.7;16-18 Before clinical 
implementation is warranted, 7T breast MRI should show at least equal evaluations 
as the current clinical standard of 3T imaging. Comparisons of 7T breast imaging to 
breast imaging performed at lower field strengths have so far been made using DCE 
MRI in one patient case15, and using T 1-weighted (T1w) non contrast-enhanced 
imaging mostly in healthy volunteers.9;10;18 These studies have shown similar or 
better results for 7T regarding SNR, fat-water contrast measures and objective 
image quality scores. 
The purpose of this study is to evaluate the current state of lesion identification and 
classification of 7T DCE breast MRI, intra-individually compared to 3T MRI.

Materials and Methods 
Study population
The study population consisted of two groups. The first group were female patients 
selected from a previously initialized 7T breast MRI feasibility study.8 These were 
patients with a suspicious (BI-RADS 4 or 5) breast mass lesion on conventional 
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imaging, i.e. mammography and ultrasound, who underwent 3T MRI for clinical 
indications. The second group consisted of female patients with a suspicious 
breast lesion detected on conventional imaging, who underwent both 3T and 
7T MRI for the purpose of intra-individual comparison. Exclusion criteria for all 
patients were age <18 years, a history of surgery or radiotherapy on the ipsilateral 
breast, a Karnofsky score <70, and pregnancy or lactation. Other exclusion criteria 
were contra-indications to either MRI (according to the hospital’s MRI screening 
guidelines) or administration of a gadolinium-based contrast agent. 
3T examinations were performed after large core needle biopsy (LCNB) or vacuum 
assisted biopsy (VAB). 7T examinations were performed either before or after 
biopsy. 7T and 3T MRI was performed on separate days due to the administration 
of a contrast agent. In premenopausal patients the time between examinations was 
kept within one week to avoid image variation due to the menstrual cycle. 
The studies were approved by the Institutional Review Board. Informed consent 
was obtained.  

Data acquisition 
7T MRI was performed on a whole-body scanner (Philips Healthcare, Cleveland, 
OH, USA). A unilateral two-channel13;15 and bilateral two-channel19 transmit/receive 
breast coil (MR Coils, Drunen, the Netherlands) was used for group one and two, 
respectively. The scan protocol included DCE imaging and a ultra-high resolution 
sequence. The dynamic series consisted of seven consecutive 3D T1w  gradient echo 
(GRE) sequences with fat suppression [TR/TE 5/2 ms, binomial nominal flip angle 
(FA) 15°, FOV 160x160x160/350 (unilateral/bilateral) mm3, acquired resolution 
1x1x2 mm3, temporal resolution 63/67 s.], with the administration of 0.1 mmol/kg 
gadobutrol (Gd, Bayer Schering Pharma AG, Berlin, Germany). Ultra-high resolution 
imaging was performed using a T1w 3D GRE sequence with spectrally selective 
adiabatic inversion recovery (SPAIR) fat suppression [TR/TE/TI 7.0/2.9/120 ms, FA 
12°, FOV 120×120×120/350 mm3, acquired resolution 0.5 mm isotropic]. 
3T MRI was performed using a whole-body scanner (Philips Healthcare, Best, the 
Netherlands), and a dedicated seven-channel receive-only breast coil (MRI devices, 
Würzburg, Germany). The scan protocol included a T2-weighted (T2w) sequence, 
DCE imaging, and a high resolution sequence. The dynamic series consisted of 
six consecutive 3D T1w GRE sequences with SPAIR fat suppression [TR/TE/TI 
3.1/1.17/90 ms, FA 10°, FOV 360x360x150 mm3, acquired resolution 1.1x1.1x2.4 
mm3, temporal resolution 60 s.], and with the administration of Gd. High resolution 
imaging was performed directly following the dynamic series [TR/TE/TI 4.5/1.67/90 
ms, FA 10°, FOV 360x380x180, acquired resolution 0.65x0.65x2.00 mm3]. During 
the second patient group the dynamic series was updated to obtain an acquired 
resolution of 0.90x0.92x1.80 mm3 whereby the high resolution sequence was 
discarded. 
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Image analysis
Two observers (R1 and R2) independently rated all examinations. R1 was an 
experienced breast radiologist with 8 years of experienced in breast MRI, and 
R2 a less experienced radiologist with 3 years of experience in breast MRI. They 
had access to mammography and ultrasound images and reports, conform clinical 
practice, but were blinded for histopathology results. 
Image analysis was performed using Aegis breast software (Hologic Inc. MA), 
enabling the observers to assess kinetic curve information and to use a color-coded 
overlay showing the different levels of initial and late enhancement. For group 1 
(with unilateral 7T images), the breast of interest was pointed out to the observers 
when assessing the 3T examination.  
First, image quality was rated objectively for the dynamic series on a 5-point scale 
based on the following:  

1. Excellent; no or hardly perceivable signal intensity variations across the field of 
view, i.e. homogeneous B1+ field, no or only mild artifacts, homogeneous fat 
suppression, and high visual SNR. 

2. Good; mild heterogeneity changes in signal intensity across the field of view, e.g. 
mild gradual signal decrease from nipple towards chest wall, mild artifacts, mild 
inhomogeneity in fat suppression and high visual SNR. 

3. Moderate; moderate B1+ inhomogeneity and/or moderate presence of artifacts 
and/or moderate inhomogeneous fat suppression and a high visual SNR. 

4. Poor; insufficient signal intensity homogeneity, with substantial signal intensity 
variations across the field of view and/or substantial image degradation due to 
artifacts, substantial inhomogeneity of fat suppression and/or a low visual SNR. 

5. Non-diagnostic; insufficient quality for diagnosis because of insufficient signal 
homogeneity or a complete loss of signal intensity in parts of the FOV owing to 
severe artifacts, severe inhomogeneity of fat suppression and/or poor visual SNR. 

Second, all identified lesions were classified according to the BI-RADS-MRI lexicon 
as proposed by the American College of Radiology.14 Of the identified mass lesions 
the maximal diameter was measured. Lastly, contrast-enhancement-to-noise 
ratios (CENRs) were calculated for mass lesions. Calculations were conducted by 
comparing the ratio of the signal intensity of the lesions and the standard deviation 
of the signal in a homogenous area of tissue adjacent to the lesion, in the pre- versus 
second post-contrast administration images15, resulting in a measure reflecting the 
lesion conspicuity. 

Statistics
Analyses were performed on a per examination basis. Image quality scores of 
both field strengths were compared using the Wilcoxon matched pairs signed 
rank test. Sensitivity, specificity, negative predictive value (NPV), and positive 
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predictive value (PPV) with 95 % confidence intervals (CI) were calculated, using 
dichotomized classification scores; BI-RADS-MRI 1-3 was considered benign and 
4-5 malignant where histopathology was the reference standard. Inter-reader 
agreement of BI-RADS-MRI classification scores were assessed with κ statistics 
using the dichotomized scores. Lesion sizes of malignant mass lesions and CENRs 
were compared between field strengths using Wilcoxon matched pairs signed rank 
test. All analyses were performed using SPSS 20.0 (IBM Corp., NY). 

Results 
Study population
Twenty patients (mean age 55; SD 9; range 32-74 years), with twenty-two breast 
lesions on conventional imaging underwent both 7T and 3T MRI. The conventional 
examinations were classified BI-RADS 4 (n=12) and BI-RADS 5 (n=8). For two 
patients presenting with two lesions, each lesion was classified BI-RADS 4. Of the 
22 index lesions, 11 were histopathological malignant, and 11 non-malignant. The 
characteristics of the patients and lesions are presented in Table 1.  
In eight patients the 7T MRI was conducted using a unilateral breast coil, and in 
twelve using a bilateral breast coil. In one bilateral imaged patient only one breast 
was depicted due to a technical malfunction wherefore this case was assessed as 
being unilateral. The biopsies were performed using LCNB in n=14, and VAB in n=6. 
All 3T examinations were performed after biopsy, as well as sixteen of twenty 7T 
examinations. Nine women were postmenopausal. The other eleven were imaged 
with a mean of 2.7 days (SD 2.3; range 1-7) between examinations. 

Image assessment
In the lesion identification ten of eleven histopathological proven malignant index 
lesions were detected by both observes at both field strengths. The pure DCIS 
lesion was not detected at either field strength. The detected malignant index 
lesions and BI-RADS-MRI descriptors are presented in Table 2. The table illustrates 
the similarities and differences in ratings between field strengths for both observers. 
One patient case with a malignant lesion is presented in Figure 1. 
In three of nine patient cases with eleven histopathological non-malignant index 
lesions a BI-RADS-MRI 4 or higher was rated at one or both field strengths. In 
one, the radial scar lesion was identified and rated BI-RADS-MRI 4 or 5 by both 
observers at both field strengths. In another, a patient case with fibrocystic changes, 
R1 identified a non-mass-like enhancement at 3T rated BI-RADS-MRI 4, which was 
not identified at 7T. R2 identified a mass lesion classified BI-RADS-MRI 5 at 3T and 
a non-mass-like enhancement classified BI-RADS-MRI 4 at 7T. In the third, a patient 
with a columnar cell lesion, R1 identified a BI-RADS-MRI 4 mass and non-mass-like 
enhancement on 3T, and a BI-RADS-MRI 4 non-mass-like enhancement at 7T. In 
this case R2 identified non-mass-like enhancement at both field strengths classified 
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Table 1. Characteristics of the 20 included patients with 22 suspicious breast lesions  
detected on conventional breast imaging.

Age (years) mean: 55 (SD: 9, range: 32-74)
Presentation on conventional imaging

Mass 14 (64%)
Calcifications 7 (32%)
Mass + calcifications 1 (5%)

Lesion size on conventional imaging (mm) mean: 19 (SD: 9, range: 7-39)*
BI-RADS category on conventional imaging per patient

4 12 (60%)
5 8 (40%)

Histological type
Malignant 11 (50%)

Invasive ductal carcinoma 2 (18%)
Invasive lobular carcinoma 1 (9%)
Invasive ductulolobular carcinoma 6 (55%)
Ductal carcinoma in situ with invasive component 1 (9%)
Ductal carcinoma in situ 1 (9%)

Non-malignant 11 (50%)
Columnar cell lesion 2 (18%)
Radial scar lesion 1 (9%)
Atypical ductal hyperplasia 1 (9%)
Cyst 1 (9%)
Hamartoma 1 (9%)
Fibroadenoma 1 (9%)
Apocrine metaplasia 2 (18%)
Fibrocystic changes 2 (18%)

* lesion size of the 14 mass lesions

BI-RADS-MRI 3. In the second and third case all identified abnormalities were located 
in close approximation of the biopsy cavity that was present after VAB. The post 
VAB status complicated image interpretation at both field strengths. The other six 
patient cases with histopathological proven benign index lesions had examinations 
that were classified benign, i.e. BI-RADS-MRI 1-3, at both field strengths. In five 
of these six cases no suspicious abnormalities were found at MR, while in one of 
six cases the two index lesions were identified and classified as benign. This latter 
patient is shown in Figure 2. All patient cases and identified lesions with BI-RADS-
MRI classification scores and histopathology results are presented in Table 3.
Table 3 shows that a number of additional findings were made independently of the 
index lesions. These additional findings occurred in five patient cases, and were all 
classified as benign on MRI. In one patient, a case where pathology showed a cyst, 
R1 identified periductal enhancement classified BI-RADS-MRI 3 at 3T. R2 identified 
a non-mass-like enhancement at both 7T and 3T that was classified BI-RADS-MRI 
3 and 2, respectively. This case is illustrated in Figure 3. In a second patient, R1 
detected a 6 mm mass lesion at 7T classified BI-RADS-MRI 3. In a third patient, R1 
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Figure 1. 7T (a-c) and 3T (d-e) MRI results of a 67-year-old female patient with an invasive 
lobular carcinoma in her right breast. Transverse image of 2nd post contrast-injection series (a 
and d) showed an irregular mass lesion with spiculated margins on both field strengths (arrow, 
inset shows zoomed-in image). Ultra-high resolution 7T image of the same slice (b). The kinetic 
curve assessment showed an initial rapid rise and wash-out pattern in the delayed phase for the 
most malignant part of the tumor on both field strengths (c and e). Both observers rated the 
examinations BI-RADS-MRI 5. 

identified a non-mass-like enhancement in the axillary tail of the breast at 3T and 
classified it BI-RADS-MRI 3. In another (fourth) patient, two fibroadenomas were 
identified at 7T and 3T (R2), and R1 identified one fibroadenoma at 7T. In a fifth and 
final patient with additional findings, R1 identified one obvious focal non-mass-like 
enhancement at 7T classified BI-RADS-MRI 3. 
All MRI examinations were considered to be of at least moderate image quality by 
both observers. The mean image quality score of the dynamic series at 7T was 2.10 
± 0.85 (R1) and 1.95 ± 0.69 (R2), and at 3T MRI was 1.35 ± 0.49 (R1) and 1.75 ± 0.55 
(R2) (P<0.05 (R1), and P>0.05 (R2)). Image quality scores are presented in Table 4. 
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Figure 2. 7T (a, b, d) and 3T (c, e) MRI results of a 21-year-old female patient. The depicted lesion 
in her right breast showed fibrocystic changes on biopsy. Sagittal image of 2nd post contrast-
injection series (a, c) showed an lobular lesion with irregular (R1 at 3T) or smooth (R1 at 7T and 
R2 at 3T and 7T) margin (arrow, insert shows zoomed-in image). Ultra-high resolution 7T image 
of the same slice (b). The kinetic curve assessment at 7T showed a rapid rise and persistent 
pattern in the delayed phase (d), and at 3T a rapid rise and plateau pattern (e). R1 classified the 
lesion BI-RADS-MRI 3, and R2 BI-RADS-MRI 2 (7T) and BI-RADS-MRI 3 (3T). 

Overall, sensitivity, specificity, NPV and PPV at 7T MRI for R1 were 0.91 (95% CI 
0.57-1.00), 0.78 (95% CI 0.40-0.96), 0.88 (95% CI 0.47-0.99) and 0.83 (95% CI 0.51-
0.97), respectively. At 3T these were 0.91 (95%CI 0.57-1.00), 0.67 (95% CI 0.31-
0.91), 0.86 (95% CI 0.42-0.99) and 0.77 (95% CI 0.46-0.94), respectively. For R2 
sensitivity, specificity, NPV and PPV for 7T and 3T were equal; 0.91 (95% CI 0.57-
1.00), 0.78 (95% CI 0.40-0.96), 0.88 (95% CI 0.47-0.99) and 0.83 (95% CI 0.51-
0.97), respectively. 
Inter-observer agreement for BI-RADS-MRI assessment categories at 7T and 3T 
MRI were good and excellent (κ = 0.79 and 0.89). 
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Figure 3. 7T (a, b) and 3T (c, d) MRI results of a 47-year-old female patient with a history of 
inverted nipples. The biopsied index lesion in the right breast showed to be a cyst. Transverse 
image of 2nd post contrast-injection series (a, c). 7T MRI sagittal slice of high-resolution imaging 
(b), sagittal slice of 3T dynamic series at approximately the same location (d). At 7T MRI periductal 
enhancement was identified (arrow, R1) and diffuse non-mass-like enhancement (R2). At 3T MRI 
a focal non-mass-like enhancement was identified (R1, circle), and multiple regions of non-mass-
like enhancement (R2). The observers rate the examination BI-RADS-MRI 3 for 3T MRI, and 
BI-RADS-MRI 3 (R1) and 2 (R2) for 7T MRI. 

Table 4. Results of the image quality assessment of the 20 dynamic series, rated by two 
observers (R1 and R2) for both field strengths.

R1* R2
Image quality 7T 3T 7T 3T
Excellent 6 13 5 6
Good 6 7 11 13
Moderate 8 0 4 1
Poor 0 0 0 0
Non-diagnostic 0 0 0 0
* <0.05 Wilcoxon matched pairs signed rank test

Dynamic contrast-enhanced breast MRI at 7T and 3T

65

Chapter 4



The nine histopathological proven malignant mass lesions’ size measurements for 
R1 had a mean size of 33 mm at 7T MRI (SD 23, range 21-95), and mean size of 32 
mm at 3T MRI (SD 25, range 15-95). For R2 the mean size at 7T was 29 mm (SD 17, 
range 15-72), and at 3T was 24 mm (SD 14, range 12-58). The differences between 
field strengths were not statistically significant for either observer.    
CENR measurements of the malignant mass lesions showed to be significantly 
higher at 7T (P=0.05) with a mean of 3.2 (SD1.1, range 1.4-4.6), compared to 1.9 at 
3T (SD 0.4, range 1.4-2.5). 

Discussion  
We have shown that ten out of eleven malignant index lesions were identified at both 
field strengths by both observers, and were classified congruous to histopathology. 
In patients with benign index lesions both false positive and true negative ratings 
were given, again equal at both field strengths in all but one case. Overall, with 
a sensitivity of 0.90, and a specificity of 0.67-0.78, the performance in this study 
of both 7T and 3T DCE MRI (using conventional imaging parameters) is conform 
literature.3

The image quality for the dynamic series at 7T was overall rated good by both 
observers. This however indicates that there is still room for improvement; which 
is underscored by the fact that R1 rated the image quality of the dynamic series 
at 3T significantly better. Current technical developments, such as dynamic B0 
field monitoring and correction20, and RF pulses designed to compensate the linear 
decreasing B1+ field21 may improve the image quality at 7T. Two recent studies 
performed in healthy volunteers, showed equal image quality for non contrast-
enhanced T1w imaging at 7T and 3T MRI.10;18 In those studies SPAIR was used as 
fat suppression technique, which is less prone to B1+ field inhomogeneities than a 
binomial RF pulse is. However, SPAIR is incompatible with dynamic imaging at 7T 
due to specific absorption rate (SAR) limitations. Other fat suppression techniques, 
such as a DIXON-based method could be investigated for 7T dynamic imaging22 
since it showed promising results at 3T MRI.23

In-vitro research has shown that gadolinium-based contrast agents are slightly less 
effective at 7T compared to 3T.24 The higher CENRs reported in this study, and in a 
previous case report15, illustrate that with adequate T1 weighting and the high SNR 
that is available the effectiveness of the contrast agent is (more than) sufficient. 
With the higher CENRs all invasive mass lesions were very conspicuous at 7T.  
In the study design it was chosen to use the standard used hardware and sequences 
at both field strengths. This led to the use of a unilateral breast coil at 7T, which was 
subsequent replaced by a bilateral breast coil. The transition to the bilateral breast 
coil was a step forward towards clinical usage, however, further improvements 
are still necessary. By including multiple receiver elements in the bilateral coil17 
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imaging with a high spatial and temporal resolution can be combined with the use 
of parallel imaging techniques. The feasibility of the implementation of a multiple 
receiver array has been shown using a unilateral breast coil12. At 7T T1w images 
were acquired, while at 3T both T1w and T2w images were acquired. Up to today, 
the only published T2w data at 7T does not meet imaging standards yet9, as the 
needed homogeneous distribution of 180º flip angles is challenging to obtain. The 
latest update of the BI-RADS-MRI lexicon recommends to include T2w imaging in 
the breast imaging protocol.25 Current developments such as RF pulses designed 
to compensate the linear decreasing B1+ field21, as described above, may enable 
accurate T2w imaging at 7T. 
A limitation of the study is that the scans were performed after biopsy procedures 
in most cases. Although it was a conscious decision to schedule the scans 
conform clinical practice - which is mostly after biopsy - it did interfere with the 
image interpretation. In two cases the raters were influenced by biopsy artifacts 
present after VAB. In one case this resulted in a false positive rating at 3T; R1 
rated an examination BI-RADS-MRI 4 at 3T, and BI-RADS-MRI 3 at 7T MRI where 
histopathology showed fibrocystic changes. However, as examinations at both field 
strengths were affected it should not have interfered with the study purpose.   
In five patient cases additional findings were made, which were all classified as 
benign at MRI. Only in one of the five patient cases a 6-month follow-up MRI 
examination was available that was classified BI-RADS-MRI 2. 
A second limitation is the limited number of patients that was included. Nevertheless 
the studied lesions encompassed a wide range of pathological diagnoses, including 
both completely benign lesions and high risk lesions, and both in situ- and invasive 
cancers. 
Overall, with the establishment of an at least equal diagnostic performance of 7T 
compared to 3T MRI, the full potential of 7T breast MRI can be further explored. 
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Abstract
Purpose
Phosphorus metabolite ratios are potential biomarkers in breast cancer diagnosis 
and treatment monitoring. The purpose was to investigate the metabolite ratios 
phosphomonoester (PME) to phosphodiester (PDE), phosphoethanolamine 
(PE) to glycerophosphoethanolamine (GPE), and phosphocholine (PC) to 
glycerophosphocholine (GPC) in glandular breast tissue, and the potential effect of 
the menstrual cycle, using 31P Magnetic Resonance Spectroscopy (MRS) at 7T.

Materials and Methods
Seven women with regular menstrual cycles each underwent four examinations 
using a 3D 31P multi-echo Magnetic Resonance Spectroscopic Imaging (MRSI) 
sequence. Peak integrals were assessed using IDL and JMRUI software. First, T2 
relaxation times were calculated using multi-echo data pooled across subjects and 
time points. Subsequent, metabolite ratios were calculated for each phase of the 
menstrual cycle using the calculated T2 values to account for when combining the 
free induction decay (FID) and all five echoes. The metabolite ratios were calculated 
both on group level and individually.  

Results
T2 decay fits resulted in a T2 relaxation time for PE of 154 ms (95% CI 144-164), 
for PC of 173 ms (95% CI 148-205), for Pi of 188 ms (95% CI 182-193), for GPE 
of 48 ms (95% CI 44-53), and for GPC of 23 ms (95% CI 21-26). The metabolite 
ratios analyzed on group level showed negligible variation throughout the menstrual 
cycle. Individual results did show an apparent intra-individual variation, however, 
non significant due to the measurements’ uncertainty.

Conclusion
Phospholipids in glandular tissue as measured with 31P MRS at 7T are not significantly 
effected by the menstrual cycle.
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Introduction 
Breast cancer is the most common malignancy in women worldwide.1 Radiological 
imaging is essential in the patients work-up to establish a diagnosis and to determine 
a treatment plan. Dynamic contrast-enhanced (DCE) MRI is regularly used in the 
evaluation of breast lesions as well as for the monitoring of patients who receive 
neoadjuvant chemotherapy.2;3 Although DCE breast MRI has a high sensitivity for 
the detection of breast lesions, the specificity is relatively low; approximately 70%.4 
The same accounts for the effectiveness of DCE MRI in treatment monitoring, which 
has shown to be variable depending on receptor status of the tumor.5 Therefore, 
other techniques are investigated to improve specificity. 
One of the techniques of interest is MR Spectroscopy (MRS) or MR Spectroscopic 
Imaging (MRSI). With MRS(I) metabolites can be measured non-invasively. To date, 
patient studies mainly focused on proton (1H) MRS.6 With 1H MRS levels of the total 
pool of choline and ethanolamine containing compounds resonating at 3.2ppm (tCho) 
are measured to evaluate the presence of malignancy and its response to therapy.6-8 
However, tCho contains multiple different metabolites that individually play a role in 
the tumor metabolism.9 With phosphorus (31P) MRS the phosphomonoesters (PME): 
phosphocholine (PC) and phosphoethanolamine (PE), as well as the phosphodiesters 
(PDE): glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE), can 
be measured individually, which was shown for the first time in breast cancer patients 
in 1988.10 Elevated PME to PDE levels have been associated with the presence of 
cancer, while a fall in PME to PDE levels is seen in case of effective therapy.11 Other 
ex-vivo work described a lower PC to GPC ratio to be indicative of more aggressive 
breast cancer subtypes, such as triple negative breast cancer.12 Since phosphorus is 
less abundant than protons in the human body, and the gyromagnetic constant of 31P 
is a factor 2.5 lower than that of 1H, the measurements are challenging due to a lack 
of signal-to-noise ratio (SNR). However, recent studies have shown that 31P MRS(I) 
at 7 tesla (7T) is feasible for in-vivo detection and quantification of phosphorus 
metabolites13;14 with acceptable acquisition times and sufficient spatial resolution, 
particularly when using multi-echo acquisitions.15 
It is well known that, due to hormonal fluctuations, breast tissue changes during the 
menstrual cycle.16;17 Research has been performed to evaluate in which phase of the 
menstrual cycle DCE MRI should preferably be performed to avoid false positive 
readings due to contrast-agent uptake in normal glandular tissue.18-21 However, there 
is only little data on normal values of phosphorus metabolites and their fluctuation 
during all phases of the menstrual cycle measured with 31P MRS. Consequently, 
it is unclear whether it can be combined with DCE MRI in clinical practice at the 
optimal timing for both methods. Of the published data, one study, performed in 
four premenopausal women at a compromised SNR at 1.5T, does suggest that the 
PME, PDE and total 31P signals change during the menstrual cycle.22 A second study, 
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including five premenopausal women who were not taking oral contraceptives and 
who were scanned at 1.5T as well, found a significant lower PME relative peak area 
in the second week of the menstrual cycle as well as a significant higher PDE/PME 
peak area ratio.23  
Knowledge of normal values, and their fluctuation during the menstrual cycle, offers 
a framework for the interpretation of breast cancer patient data. Therefore, in this 
study, we investigated the phospholipid metabolism in glandular breast tissue and 
the influence of the menstrual cycle on the metabolism with 31P MRS at 7T. 

Materials and Methods 
Subjects and data acquisition
Seven female volunteers were included who had a regular menstrual cycle and did 
not use any hormonal contraceptives. The mean age was 27 years (range 24-30 
years). Each volunteer underwent four 7T MRSI examinations, one in each phase of 
the menstrual cycle: the early follicular phase (EF),  late follicular phase (LF),  early 
luteal phase (EL), and late luteal phase (LL), resulting in 28 examinations in total. 
Before each examination the menstrual cycle status was reported and informed 
consent was signed. All examinations were performed in compliance with the local 
institutional ethics committee.
The examinations were performed on a 7T whole-body scanner (Philips Healthcare, 
Cleveland, OH, USA) using a two-channel double-tuned unilateral RF breast coil 
(MR Coils BV, Drunen, the Netherlands), with the resonance frequencies of 298 
and 121 MHz for 1H and 31P, respectively.13;24 All volunteers were scanned in prone 
position with the coil encompassing the right breast. The scan protocol consisted of 
a 3D T1w sequence [TR/TE 4.0/2.0 ms, binominal flip angle 5°, FOV 160x160x160 
mm3, acquired resolution 1x1x2 mm3], and a 3D 31P multi-echo MRSI sequence, 
using spherical k-space sampling and an excitation bandwidth of 800 Hz [TR/TE 
6000/45 ms, adiabatic flip angle 90°, FOV 320x160x320 mm3, nominal spatial 
resolution 40x20x40 mm3]. One free induction decay (FID) and 5 full echoes were 
acquired within one TR, resulting in the five echoes at 45, 90, 135, 180 and 225 
ms, respectively. Both the FID and echoes were acquired with 256 data points. The 
MRS sequence is described in more detail elsewhere.15 Total scanning time was 
approximately 30 minutes. 

Data analysis
The spectroscopy data was analyzed using IDL (Research Systems, Boulder, CO) and 
JMRUI 4.0 software.25 Acquired data was Hamming filtered in the spatial domain and 
zero-filled to 8192 data points in the time domain. The hamming filtering resulted 
in voxels with an elliptical full-width half-max of 68x34x68 mm3. One localized 
voxel from the MRSI examination containing glandular tissue, represented by high 
inorganic phosphate (Pi) and low phosphocreatine (PCr) signal, was chosen to use in 
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the analyses. For each volunteer’s examination the optimal voxel was chosen, which 
could be the same or a different voxel at each of the four time-points. All spectra, 
i.e. FIDs and echoes, were frequency aligned to Pi. Subsequent, all spectra were 
summed for the FID and each of the five echoes separately within JMRUI, weighted 
by the Pi signal for the FID. Metabolite quantification for PC, PE, GPE and GPC 
was done in JMRUI using the AMARES algorithm on the summed spectra.26 Prior to 
metabolite quantification, the average value of chemical shifts of all metabolites in 
each sum spectrum (1 sum total FID and 5 sum total echo spectra) were determined. 
Furthermore, the sum spectra were apodized with 40 Hz, representing the smallest 
line width found. During quantification the line widths of PE, PC, GPE, GPC were 
set equal in each sum spectrum. The line widths determined for phosphomono- and 
phosphodiesters of the different sum spectra ranged between 56 - 67 Hz, for Pi the 
linewidth ranged between 45 - 55 Hz for the different sum spectra. The difference 
in range corresponds to peak broadening for PME and PDE caused by 1H-31P 
J-coupling. The chemical shift values used in the quantification were constrained to 
the average chemical shift values (over the 4 cycle points) with a soft constraint of ± 
0.05 ppm. Overall phases were fixed to zero in the quantification.
The peak integrals for PE, PC, GPE and GPC, obtained in the sum spectrum of all 
FIDs and in the sum spectrum of each echo, were used to calculate metabolite T2 
values. Standard deviations of the T2 values were determined using Monte Carlo 
simulations, representing the uncertainty of the fittings. Metabolite ratios were 
determined based on the spectrum of the FID plus 5 echoes combined. The combining 
was performed accounting for the T2 relaxations times of the metabolites, where 
the full echoes were weighted two times in comparison to the FID. This resulted in 
a sum spectrum per metabolite which was used for quantification. The metabolite 
quantification was done on group level and for each volunteer separately. Standard 
deviations of the metabolite ratios were determined using Monte Carlo simulations, 
representing the measurements uncertainty. All three metabolic ratios were tested 
for significant variation over the menstrual cycle on the individual data using 
Friedman’s two-way ANOVA test. 

Results 
All 28 examinations were conducted successfully. In the analysis first a voxel 
containing glandular tissue was chosen for each measurement. One example is 
presented in Figure 1. A large proportion of the selected voxel in Figure 1 contains 
glandular tissue while chest wall muscle was excluded, resulting in a high Pi signal 
and relatively low PCr, as can be seen in the spectrum. Of all measurements one did 
not show sufficient signal from phosphorus resonances (SNR < 3), resulting in 27 
exams to be included in the final analyses.  



31P Magnetic Resonance Spectroscopy of the breast at 7T

78

Ch
ap

te
r 5

Second, the T2 relaxation times of the metabolites were calculated using the 
data of all volunteers combined for the FID and for each echo. These six pooled 
spectra (1 FID and 5 echoes) are shown in Figure 2. It can be observed that the 
phosphomonoesters decay much slower than the phosphodiesters. T2 decay plots 
were made for each of the metabolites, resulting in a T2 relaxation time for PE of 
154 ms (95% CI 144-164), for PC of 173 ms (95% CI 148-205), for Pi of 188 ms (95% 
CI 182-193), for GPE of 48 ms (95% CI 44-53), and for GPC of 23 ms (95% CI 21-
26). Subsequent, the combined data of the FID and echoes was analyzed, on group 
basis and on individual basis, accounting for the calculated T2 relaxation times of 
the metabolites (i.e. the FID and echoes were T2-weighted and summed on a group 
level and individually). The phosphorus metabolite ratios of these spectra analyzed 
on group level are presented in Table 1 and Figure 3.  31P MR spectra, analyzed on 
group level, in the four phases of the menstrual cycle are displayed in Figure 4. The 
results for the seven volunteers individually are displayed in Figure 3. In the group 
analysis a negligible variation in metabolic ratios throughout the menstrual cycle is 
observed, which is similar to the inaccuracy (expressed as standard deviations) of 
the measurement. The individually analyzed data shows more variation between the 
volunteers as well as between phases in the menstrual cycle within the volunteers, 
however, the standard variations are larger as well. No specific pattern of variation 
during the menstrual cycle is observed for any of the ratios, and magnitudes of 
the observed variations are in the order of the experimental uncertainties (P=0.86, 
P=0.90 and P=0.75, for PME to PDE, PE to GPE and PC to GPC, respectively).

Figure 1. T1w 3D FFE image with a representation of the grid of voxels and their spectra. The 
voxel selected for the analysis is highlighted, of which the 31P FID spectrum is shown. Note the 
relatively high PME, Pi and PDE signals in contrast to the relatively low PCr signal in the spec-
trum of the selected voxel.
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Figure 3. Phosphorus metabolite ratios for PME/PDE, PE/GPE and PC/GPC over the menstrual 
cycle with the standard deviation caused by system noise displayed with error bars. The 
ratios shown are the individual data (1 to 7) and the group data (group) obtained from the T2 
weighted analysis of the combined FID and multi-echo data. Note that the group results show 
little variation over the menstrual cycle for each ratio, which remain within standard deviations. 
On individual basis more variation is observed, however, without a specific pattern over the 
menstrual cycle.
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Discussion
In this study no significant variations in phosphorus metabolite ratios over the 
menstrual cycle were measured on group level using 31P MRS in the breast at 7T. 
In the individual data analysis more variation was observed over the menstrual 
cycle intra-individually. However, the variation showed neither a specific pattern 
nor statistical significance since the measurements’ uncertainty is greater than the 
observed variations. 
In previous work, where 31P MRS was similarly assessed in four premenopausal 
women, the summed data showed PME to PDE ratios of 1.06, 1.75, 0.48 and 0.78 
for EF, LF, EL and LL, respectively.22 In our study, the summed data showed PME to 
PDE ratios of 0.75, 0.70, 0.69, and 0.72, indicating a more stable course throughout 

Figure 4. 31P MR spectra analyzed on group level, using the FID data, for each phase of the 
menstrual cycle; the early follicular phase (EF),  late follicular phase (LF),  early luteal phase (EL), 
and late luteal phase (LL).

Table 1. Metabolic ratios for the combined FID plus multi-echo data on group level, presen-
ted per phase of the menstrual cycle ± SD.

EF LF EL LL

PME/PDE 0.75 ± 0.02 0.70 ± 0.02 0.69 ± 0.03 0.72 ± 0.02

PE/GPE 1.23 ± 0.08 1.13 ± 0.08 1.19 ± 0.10 1.24 ± 0.09

PC/GPC 0.40 ± 0.04 0.36 ± 0.03 0.33 ± 0.04 0.37 ± 0.03
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the menstrual cycle. Furthermore, the reported lower PME peak area in the late 
follicular phase, as measured in five women by Twelves et al23 was not reproduced, 
nor did we find significant lower levels of the individual monoesters PE and PC in any 
phase when assessing the metabolic ratios. In contrast to previous work, the SNR in 
our study was higher, which can be appreciated in the presented spectra. The higher 
SNR, and also higher spectral resolution provided by 7T, allowed for assessment of 
the PE/GPE and PC/GPC ratio as well. Still, the measurements uncertainty, as can 
be observed by the standard deviations of the ratios, especially in the individual 
assessment, remains greater than the observed variation.
A relatively low PCr signal can be observed in the presented spectra. PCr has been 
reported to originate mainly from chest wall muscle in MRS breast spectra.15;23 
When chest wall muscle is included a PCr signal a multitude greater than PME, Pi or 
PDE is to be expected.15 A relative low PCr signal is therefore considered a marker 
of good localization.  
In all three metabolic ratios variations between the volunteers as well as between 
phases of the menstrual cycle were observed, however, also with larger standard 
deviations caused by relatively increased system noise when compared to the group 
analysis. Theoretically, an increase of PME/PDE ratio could be expected in the 
luteal phase. During the luteal phase progesterone levels are high, resulting in more 
proliferative activity, which is associated with a rise in phosphomonoesters.16;17;27 
On the other hand, apoptotic figures are frequently seen during the luteal phase as 
well16, possibly counteracting the effect of proliferation on the PME/PDE ratio, as 
cell breakdown is associated with an increase in phosphodiesters.28 However, the 
observed variation in the individual data did not show a specific pattern over the 
menstrual cycle.      
Technical aspects may also have played a role in the inter-individual variation. For 
instance, differences in the distribution of glandular versus lipid tissue throughout 
the breast results in differences in magnetic field distortions. These lead to 
differences in spectral line widths, which cause a reduction in SNR and more overlap 
between resonances, and with that to more uncertainty in the results. Also, the 
reproducibility of the examinations might have played a role. There is only few 
data on the reproducibility of 31P MRS(I) examinations in the breast. The data that 
is available suggests a 6% variation of total phosphate signal in patients that are 
examined on different days.11 The effects on metabolic ratios are not described in 
that work. It would be of great value to determine the reproducibility of 31P MRS 
examinations, especially the precision. That way changes in 31P MRS results obtained 
in longitudinal patient studies can be ascribed to either disease or therapy related 
changes, or to the measurements’ variance.       
Knowing that the menstrual cycle may influence the individuals’ results in different 
phases of the menstrual cycle, the metabolic ratios may still be used as a follow-
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up marker in breast cancer patients to monitor treatment efficacy. Particularly, 
when using a bilateral set-up, the results of the contralateral breast may be used 
as an intra-individual reference measurement. In this study a unilateral breast coil 
was used. However, the first bilateral breast set-ups for 7T have recently been 
presented29;30, in which double-tuning could be incorporated. 
Other MR Spectroscopy methods that are of interest for their value in breast cancer 
diagnosis or monitoring have similarly evaluated the influence of the menstrual 
cycle on measurement results. For instance 1H MRS has been used to measure the 
lipid composition and water-fat ratio at 1.5 and 4T, respectively.31;32 Both showed 
to be significantly influenced by the menstrual cycle, implying that menstrual cycle 
status is important to take into account and correct for in a patient population when 
using these methods. In contrast, our current study shows that the used 31P MRSI 
sequence can be applied independent of menstrual cycle status, which is favorable 
in a clinical setting.
T2 relaxation times were calculated to account for when using the multi-echo data 
to maximize the SNR. To accurately determine the T2 relaxation times all data was 
pooled over the volunteers and time points, assuming T2 values do not change over 
the menstrual cycle. In the calculations the PDEs showed to have a much shorter T2 
relaxation time than the PMEs. That could possibly lead to misinterpretation of the 
multi-echo data when not compensating for this difference. 
T1 relaxation times were not accounted for in the analysis. This means the results 
are reproducible when using a TR of 6 seconds, however, when using different 
repetition times a weighting factor has to be applied on the ratios. 
For our study purpose a large voxel size was used, with a spatial resolution of 
40x20x40 mm3 (Figure 1), combined with Hamming filtering of the data in the spatial 
domain, which led to sufficient signal in almost all cases to assess all metabolic ratios. 
In clinical practice however a smaller voxel size will be mandatory, and all the SNR 
available from a multi-echo sequence will be needed. Still, one of the volunteers’ 
examinations did not show enough signal from the phosphorus resonances to be 
included in the analyses. If only a small amount of glandular tissue is present, or 
heterogeneously spread throughout the breast, the signals can possibly not exceed 
the noise level. In this one particular case, combined with a sub-optimal shim 
setting, it led to insufficient SNR to analyze the peak integrals. Research has shown 
that breast cancer has much higher PME signals than normal breast tissue because 
of an increased phospholipid membrane anabolism.11 PMEs have been reported 
to be about three times as high in breast cancer compared to benign tumors.33;34 
Therefore, in case of the presence of a malignancy it is expected that signals will 
sufficiently exceed noise level even if a smaller voxel size is used.   
A limitation of our study is that the menstrual cycle status was assessed per 
questionnaire and no serum estrogen and progesterone levels were measured to 
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verify the cycle phase. We did only include females with regular menstrual cycles to 
optimal determine the menstrual cycle phase without having to take blood samples. 
However, this does mean that possible anovulatory cycles were not detected, which 
are reported to occur in up to 14% of healthy regular menstruating women.35     
Another limitation is that reported metabolite ratios are obtained in premenopausal 
women while the majority of breast cancer patients are postmenopausal. However, 
it has been shown that in the assessment of relative peak areas of PME, PDE and 
PCr there is only a significant difference in the PCr peak between premenopausal 
and postmenopausal women.23 This is probably due to breast size, because the 
observable PCr originated from the chest wall muscles.14 Those data therefore do 
imply that our obtained metabolic ratios apply in postmenopausal women as well. 
In conclusion, phosphorus metabolic ratios assessed using multi-echo 31P MRS 
examinations during the menstrual cycle do not show a variation on group level. 
On individual basis more variation is observed, although without a specific pattern 
or statistical significance due to the uncertainty of the 31P MRS measurements 
in individual subjects. Therefore, without significantly affecting the results of the 
phosphorus metabolic ratios, 31P MRS examinations can be performed independent 
of menstrual cycle status.
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Abstract 
Purpose
To investigate the diagnostic value of 3 tesla (T) breast MRI in patients presenting 
with microcalcifications on mammography. 

Materials and Methods
Between January 2006 and May 2009, 123 patients with mammographically 
detected BI-RADS 3-5 microcalcifications underwent 3T breast MRI before 
undergoing breast biopsy. All MRI examination of the histopathologically confirmed 
index lesions were reviewed by two breast radiologists. The detection rate of 
invasive carcinoma and DCIS was evaluated, as well as the added diagnostic value 
of MRI over mammography and breast ultrasound. 

Results
At pathology, 40/123 (33%) lesions proved malignant; 28 (70%) ductal carcinoma 
in situ and 12 (30%) invasive carcinoma. Both observers detected all invasive 
malignancies at MRI, as well as 79% (observer one) and 86% (observer two) of in 
situ lesions. MRI in addition to conventional imaging led to a significant increase in 
area under the ROC curve from 0.67 (95% CI 0.56–0.79) to 0.79 (95% CI 0.70–0.88, 
observer one) and to 0.80 (95% CI 0.71–0.89, observer two), respectively. 

Conclusion
3T breast MRI was shown to add significant value to conventional imaging in 
patients presenting with suspicious microcalcifications on mammography. 
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Introduction 
Microcalcifications are a common finding on mammography and constitute up to 
31% of lesions detected at screening mammography.1 Ductal carcinoma in situ 
(DCIS), a potential precursor lesion of invasive ductal carcinoma, often presents 
with microcalcifications on mammography. Of all mammographically detected 
DCIS lesions, up to 79% manifest with microcalcifications only.1,2 Therefore, careful 
evaluation of mammographically detected microcalcifications is essential. However, 
not all microcalcifications are associated with in situ or malignant disease. They 
are often associated with benign lesions or high-risk lesions, such as columnar 
cell lesions or sclerosing adenosis.3,4 In the assessment of microcalcifications, 
mammographic features such as distribution and morphology are important 
variables in the differentiation between benign and malignant microcalcifications. 
Benign microcalcifications are heterogeneously spread throughout the breast and 
are often larger, round and coarse. Microcalcifications associated with in situ or 
invasive disease are distributed in clusters or in a linear-branching pattern and are 
small and pleomorphic.5 Even a small cluster of microcalcifications, i.e. one to ten 
calcifications, has been associated with DCIS or invasive disease.6 Although the 
sensitivity of mammographically detected microcalcifications is high, specificity is 
low, ranging from  24% to 59%.7,8

Magnetic resonance imaging is frequently used in the evaluation and work-up 
of patients with suspicious breast lesions. The diagnostic performance of MRI 
in patients with suspicious breast lesions has been assessed in a meta-analysis, 
including 44 studies, and showed to yield a sensitivity of 90% and specificity of 72%.9 
However, the benefit of MRI in a selected patient population with mammographic 
suspicious microcalcifications remains unclear. Previous studies performed at 1.5 
tesla (T) in patients with microcalcifications report sensitivities between 45% and 
87%, and specificities between 68% to 100%, respectively.7,8,10,11 At this moment, 
European guidelines state that in the case of mammographic microcalcifications, 
MRI is unable to exclude breast cancer. Therefore, the decision to perform biopsy 
should be based on mammographic findings.12

Currently, breast imaging is slowly moving over to the higher field strength of 3T. 
A study comparing 3T with 1.5T breast MRI on an intra-individual basis, found that 
the image quality of 3T was significantly better in women with a clinical indication 
for breast MRI. Also, it provides a higher diagnostic confidence.13 An other study, 
assessing the visibility of spiculated masses, found that in particular the sagital 3T 
images improved lesion assessment.14 
To our knowledge, the role of 3T breast MRI in patients with suspicious 
microcalcifications has not yet been evaluated. Therefore, the purpose of the 
current study was to investigate the value of 3T breast MRI for the detection of 
DCIS and invasive breast cancer in patients presenting with microcalcifications on 
mammography. 
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Materials and Methods 
Study population 
The current study was performed in the context of the MONET trial (MR 
mammography Of Non-palpable BrEast Tumors).15,16 In this study, patients 
presenting with mammographically detected BI-RADS 3-5 microcalcifications 
only were included. All patients underwent MRI before undergoing large core 
needle biopsy (LCNB). The MONET trial was approved by the ethical boards of the 
participating hospitals, and all patients gave written informed consent. 

Breast imaging
Patients underwent mammography and additional breast ultrasound if indicated. 
MR imaging was performed on a 3T MR system (Achieva, Philips Healthcare, Best, 
the Netherlands) using a dedicated phased-array bilateral breast coil (MRI Devices, 
Würzburg, Germany). The protocol included high resolution T1-weighted gradient 
echo (GRE) imaging with fat suppression [TE/TR/TI 1.7/4.5/130 ms, flip angle 
10°, acquired voxel size 0.66×0.66×1.6 mm3], T2-weighted spin echo imaging 
with fat suppression [TE/TR/TI 120/9022/70 ms, flip angle 90°, acquired voxel 
size 1.01×1.31×2.00 mm3], and a dynamic contrast-enhanced sequence. The 
dynamic sequence consisted of five consecutive T1-weighted GRE sequences 
using fat suppression [TE/TR/TI 1.3/3.4/125 ms, flip angle 10°, acquired voxel 
size 0.91×0.91×2.00 mm3, dynamic acquisition duration 60 s] with the injection 
of 0.1 mmol/kg Gadolinium-DTPA (Magnevist, Schering, Germany) after the first 
acquisition. The total acquisition time was less than 30 minutes. The MRI protocol is 
described in detail elsewhere.15,16

Image analysis
All mammography and ultrasound examinations were assessed in clinical practice 
during the trial. Afterwards, all MRI examinations were assessed by two independent 
observers, who were both certified breast radiologists. During MRI reading, results 
of mammography were available, and the observers were blinded to the histological 
results. Only biopsy-proven index lesions were assessed. All examinations were 
evaluated using a dedicated breast MRI workstation with color coding of dynamic 
data (CADstream, Confirma) and were reported according to the BI-RADS-MRI 
lexicon as proposed by the American College of Radiology.17 For the kinetic curve 
assessment a type I, type II and type III curve scoring was used, corresponding 
to a continuous signal enhancement after the initial upstroke, a plateau of signal 
intensity, and a wash-out of signal intensity, respectively.18 MRI of insufficient 
quality, e.g. because of motion artifacts, were excluded from analyses. Imaging 
results were correlated with histological findings, i.e. core biopsy, or the surgical 
specimen in patients who underwent surgery. 
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Statistical analysis 
In order to identify factors associated with malignancy, i.e. both in situ and invasive 
carcinoma, an univariate analysis was performed comparing clinical and imaging 
characteristics of patients with benign and  malignant lesions. An independent sample 
t-test was used for continuous variables and a Chi-squared or Fisher’s exact test for 
categorical variables. For the multivariate analysis, a binary logistic regression model 
was used. For every ten malignant cases, one imaging determinant was entered into 
the model.19 Calibration of the models was tested using the Hosmer–Lemeshow 
test.20 Discrimination was estimated with the area under the curve (AUC) of the 
receiver operation characteristic (ROC) curve. ROC curves were constructed for the 
diagnostic value of conventional imaging only, and for conventional imaging with 
the addition of MRI reading for each of the observers. The Hanley–McNeil test was 
used to test for differences between the AUCs. 

Results 
Patients
Between January 2006 and May 2009, 123 patients with mammographically 
detected suspicious microcalcifications were included. The mean age of these 
patients was 54.2 years (SD 8.9 years). Of all 123 patients, 40 (33%) had a histological 
proven malignant lesion. Of these 40 malignant lesions, 28 (70%) were pure DCIS: 
DCIS grade 1 in 8 cases (29%), DCIS grade 2 in 6 cases (21%), and DCIS grade 
3 in 14 cases (50%). The other 12 malignant lesions (30%) were mixed (n=11) or 
pure invasive carcinoma (n=1). Of all 123 patients, 83 (67%) had a benign lesion: 
fibrocystic changes in 37 (45%), sclerosing adenosis in 14 (17%), normal breast 
tissue in 10 (12%), fibroadenoma in 5 (6%), hyperplasia in 5 (6%), and other benign 
lesions in 12 cases (14%). 
Breast ultrasound was performed in 78 patients (63%). It showed no additional 
findings in 63 cases (81%), cysts in 6 cases (8%), a mass lesion in 5 cases (6%), and 
other findings in 4 cases (5%). The BI-RADS classifications of the breast ultrasound, 
along with other baseline characteristics and the results of the univariate analysis, 
are presented in Table 1. Univariate analysis showed that patients with a malignant 
lesion were significantly older, had a higher BMI, and a higher BI-RADS classification 
at breast ultrasound. 

MR imaging findings
Observer one scored 114 out of 123 MRI examinations to be of sufficient quality 
to read (93%). This observer identified 10 masses, 48 lesions of non-mass-like 
enhancement, and 1 lesion consisting of both mass and non-mass-like enhancement. 
On 55 breast MRI examinations, no mass or non-mass-like enhancement was 
identified. Observer two scored 112 out of 123 MRI examinations to be of sufficient 
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quality to read (91%) and identified 16 masses, 63 lesions of non-mass-like 
enhancement and 1 lesion consisting of both mass and non-mass-like enhancement. 
On 32 breast MRI examinations, no mass or non-mass-like enhancement was 
identified. The BI-RADS-MRI descriptors of the identified lesions and their final BI-
RADS-MRI assessment categories are presented in Table 2. Figure 1 and 2 show an 
example of a patient with suspicious microcalcifications on mammography that was 
classified on MRI as non-mass-like enhancement by both observers. 
All 12 invasive malignancies (100%) were detected by both observers, as well as 
79% (22/28, observer one) and 86% (24/28, observer two) of pure in situ lesions. 
Observer one detected 5/8 (63%) DCIS grade 1 lesions, 3/6 (50%) DCIS grade 2 
lesions, and 14/14 (100%) DCIS grade 3 lesions. Observer two detected 7/8 (88%) 
DCIS grade 1 lesions, 4/6 (67%) DCIS grade 2 lesions, and 13/14 (93%) DCIS grade 
3 lesions. When regarding BI-RADS-MRI 4 and 5 as malignant, observer one showed 
a sensitivity of 59% (95% CI 0.43–0.74) and a specificity of 81% (95% CI 0.70–0.88), 
and observer two showed sensitivity of 82% (95% CI 0.67–0.91) and specificity of 
62% (95% CI 0.50–0.72). 

Table 1. Patient characteristics and imaging results.
Benign (n=83) Malignant (n=40) P value 

Mean age (SD) 53.0 (9.2) 56.8 (7.7) 0.02
Mean BMI kg/m2 (SD) 24.4 (3.7) 26.0 (4.1) 0.04
1st degree relative with breast cancer (%) 16 (19%) 9 (23%) 0.67
Symptoms* (%) 24 (29%) 10 (25%) 0.67
Patient history with breast carcinoma (%) 7 (8%) 3 (8%) 1.00
Mammography 

BI-RADS 3 32 (39%) 19 (48%) 0.07
BI-RADS 4 51 (61%) 19 (48%)
BI-RADS 5 0 (0%) 2 (5%)

Ultrasound
BI-RADS 1 41 (85%) 23 (76%) 0.01
BI-RADS 2 5 (10%) 0 (0%)
BI-RADS 3 0 (0%) 3 (10%)
BI-RADS 4 2 (4%) 4 (13%)
No ultrasound performed 35 10

*patients presenting with symptoms of pain, nipple discharge or other complaints.   
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Figure 1. Mammography and breast MRI results of a patient presenting with suspicious micro-
calcifications on mammography, classified BI-RADS 4. Mammography (a, left mediolateral view) 
shows a cluster of microcalcifications which is shown enlarged in the inset. At breast MRI, both 
observers identified non-mass-like enhancement with a segmental distribution and clumped 
internal enhancement (b, arrow). Kinetic curve assessment showed a type I curve. The lesion 
was scored BI-RADS-MRI 4 and BI-RADS-MRI 5, respectively. Histopathology showed DCIS 
grade 3.

Figure 2. Mammography and breast MRI results of a patient presenting with suspicious 
microcalcifications on mammography, classified BI-RADS 4. Mammography (a, left exaggerated 
lateral craniocaudal view) shows a cluster of microcalcifications which is shown enlarged in 
the inset. At breast MRI, observer one identified non-mass-like enhancement with a regional 
distribution, heterogenous internal enhancement (b, arrow), and a type II kinetic curve. Observer 
two identified a non-mass-like enhancement as well, with a focal distribution, heterogeneous 
internal enhancement, and a type III kinetic curve. The lesion was scored BI-RADS-MRI 3 and 
BI-RADS-MRI 4, respectively. Histopathology showed an invasive lobular carcinoma and DCIS 
grade 1.
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Added diagnostic value
The AUC for conventional imaging only was 0.67 (95% CI 0.56–0.79). The addition 
of MRI to conventional imaging led to a significant improvement in AUC for both 
observers, as is shown in Figure 3. For observer one it increased to 0.79 (95% CI 
0.70–0.88, P<0.05), and for observer two to 0.80 (95% CI 0.71–0.89, P<0.01). The 
Hosmer–Lemeshow test showed a good calibration of all three models. 

Figure 3. Receiver operating charac-
teristic (ROC) curves for the model 
for conventional imaging only, and 
the models with the addition of 
MRI reading for both observers. 
After the addition of breast MRI to 
conventional imaging only, the AUC 
increases from 0.67 (95% CI 0.56–
0.79) to 0.79 (95% CI 0.70–0.88) 
for observer one, and from 0.67 to 
0.80 (95% CI 0.71–0.89) for obser-
ver two, respectively.

Discussion
We investigated the diagnostic value of 3T breast MRI in patients presenting 
with suspicious microcalcifications on mammography. Both observers detected 
all invasive malignancies at MRI, as well as 79% (observer one) and 86% (observer 
two) of pure in situ lesions. Previous studies, all performed at 1.5T, reported varying 
values of sensitivity and specificity for the detection of malignancy with breast MRI 
in patients with mammographically detected microcalcifications, ranging from 45% 
to 87%, and 68% to 100%, respectively.7,8,10,11 In the current study, a sensitivity of 
59% and 82% and a specificity of 81% and 62% was found for observer one and 
two, respectively. These results are concordant with previous research at 1.5T, using 
the same specific patient population, and therefore do not show improvement by 
moving to the higher field strength of 3 tesla. Moreover, the difference between 
the readers shows that it is possible to read breast MRI at a higher sensitivity at 
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the expense of specificity and vice versa. This implies that a reader must be aware 
of the a priori likelihood of malignancy when evaluating a breast MRI because this 
may influence the evaluation. Nevertheless, in this evaluation it only seems to 
affect the detection rate of low and intermediate grade DCIS, and is not applicable 
to the detection of high grade DCIS and invasive carcinomas. Our results of the 
multivariate analysis show nonetheless that breast MRI in addition to conventional 
imaging has an added value, as the AUC showed a significant increase from 0.67 
(95% CI 0.56–0.79) up to 0.79 (95% CI 0.70–0.88, observer one) and up to 0.80 
(95% CI 0.71–0.89, observer two). 
Owing to the inclusion of patients with microcalcifications on mammography, most 
malignant lesions in this patient cohort are DCIS lesions. Previously, a pre-clinical 
study showed that DCIS lesions do show enhancement on MRI, as the contrast 
agent will diffuse out of the capillaries into the extraductal space, after which it 
accumulates in the DCIS-filled ducts. In this paper, it is postulated that the leakiness 
of the basement membrane of the involved ducts might be a marker for DCIS that 
is likely to become invasive.21 We did indeed observe that most of the DCIS lesions 
were detected on MRI, and in particular almost all high grade lesions. The observers 
did not detect 38% (3/8) and 13% (1/8) of DCIS grade 1 lesions, and 50% (3/6) and 
33% (2/6) of DCIS grade 2 lesions, respectively. Only one (1/14) DCIS grade 3 lesion 
was missed by one of the observers. 
In the evaluation of the kinetics of DCIS lesions, it has been reported that the 
curves show a high variation.10,22,23 Most frequently, a rapid rise in the initial phase 
is seen, however, the delayed phase can show any pattern.22,24 Furthermore, it has 
been reported that no significant difference is found in kinetics between low-, 
intermediate- and high-nuclear-grade lesions.25 Therefore, it is stated that, in the 
interpretation of DCIS, the emphasis should be on morphology, and particularly 
on the distribution parameters, rather than kinetics.24 One of the limitations of our 
study is, however, that too few cases were included to statistically evaluate the 
association of individual BI-RADS-MRI descriptors with the presence of malignancy.  
The same accounts for the multivariate analysis where only imaging determinates 
were included. Conventional imaging and MRI were used, whereas age and BMI also 
showed significant difference in the univariate analysis. Unfortunately the limited 
number of cases did not statistically allow for inclusion of more determinants. 
We used a bilateral breast coil with a clinical MR imaging protocol aimed at lesion 
identification. In the dynamic series, the acquired voxel size was 0.91×0.91×2.00 
mm3. Studies performed in patients with suspicious microcalcifications at 1.5T, that 
used a bilateral set-up as well, acquired similar or larger voxel sizes in the dynamic 
sequence, varying from 0.7x0.7x3.0 mm3 to 1.25x1.25x4.00 mm3.6,7,10 Another study, 
only focusing on a small area of interest using a single loop coil, imaged with a 0.137 
mm in-plane resolution. It showed promising results with a sensitivity of 88.5% 
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and a specificity of 92.3% for malignancy detection in 52 women with abnormal 
calcifications detected on mammography.26 It suggests that a high spatial resolution 
with sufficient SNR is pivotal in DCIS imaging to depict periductal enhancement 
with a tramline-like appearance. However, with a field of view of only 7 cm, the 
clinical applicability of this set-up is questionable, especially because one of the main 
benefits of breast MRI is the potential to reveal multicentric and multifocal disease.9 
This is also a limitation of our own study, because only the histopathologically 
proven index lesions could be evaluated because of the design of the study. Second, 
we included patients with microcalcifications only on mammography. Thus, non-
calcified DCIS lesions were not evaluated, while they also may show enhancement 
on MRI.27 Furthermore, it is a limitation that the pathological size of the index 
lesions was not taken into account in the analyses. Obviously, a small lesion found 
at histopathology will be more difficult to detect and evaluate on MR imaging. Also, 
the ability of 3T MRI to assess lesion extend, compared to histopathology, could 
not be evaluated. Lastly, no information was available on the reasons why breast 
ultrasound was performed or not. In literature breast ultrasound is reported to have 
a role in patients presenting with microcalcifications on mammography to evaluate 
if there is an associated mass that may indicate invasive disease.28 

In the end, DCIS is regarded a potential precursor lesion of invasive disease, and 
is therefore treated with breast-conserving therapy followed by radiation therapy. 
Our results do show an added diagnostic value of 3T breast MRI to conventional 
imaging, but unfortunately MRI does not exclude DCIS lesions of all grades 
sufficiently in all cases, and its sensitivity is not high enough to replace biopsy. MRI 
is an evolving technique for breast imaging, and currently new MR techniques are 
being investigated to visualize microcalcifications on breast MRI.29-31 When ready 
for clinical use, one of these techniques might improve DCIS detection. 
In conclusion, both observers detected all invasive malignancies at MRI, as well as 
79% (observer one) and 86% (observer two) of pure in situ lesions. Furthermore, 
our results show that 3T breast MRI has a significant added diagnostic value over 
conventional imaging in patients with microcalcifications on mammography, as was 
demonstrated by a significant increase in AUC. 
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Abstract
Purpose
To detect microcalcifications in human whole breast specimens using ultra-high field 
MRI.

Materials and Methods
Four mastectomy specimens, obtained with approval of the institutional review 
board, were subjected to gradient echo MRI acquisitions on a 7 tesla MR scanner. 
The phase derivative was used to detect microcalcifications. The echo time and the 
imaging resolution were varied to study the sensitivity of the proposed method. 
CT images of the mastectomy specimens and prior acquired mammography images 
were used to validate the results. A template matching algorithm was designed to 
detect microcalcifications automatically. 

Results
The three spatial derivatives of the signal phase surrounding a field perturbing object 
allowed 3D localization as well as discrimination of diamagnetic field perturbing 
objects, such as calcifications, and paramagnetic field perturbing structures e.g. blood. 
A longer echo time enabled smaller disturbances to be detected, but also resulted in 
shading due to other field disturbing materials. A higher imaging resolution increased 
the detection sensitivity. Microcalcifications in a linear branching configuration that 
spanned over 8 mm in length were detected. After manual correction, the automatic 
detection tool identified up to 18 microcalcifications within the samples, which 
was in close agreement with the number of microcalcifications found on previously 
acquired in-vivo mammography images.

Conclusion
Microcalcifications can be detected by MRI in human whole breast specimens by 
applying phase derivative imaging.
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Introduction 
Ductal carcinoma in situ (DCIS) is considered a potential precursor to invasive ductal 
carcinoma.1 It is therefore treated by performing surgery, followed by radiotherapy. 
Approximately 62-98% of DCIS presents itself with microcalcifications on 
mammography.2–4 However, not all of the detected microcalcifications are associated 
with DCIS or invasive malignancies; breast microcalcifications may also be associated 
with benign lesions.5 A high probability of malignancy exists for fine pleomorphic 
microcalcifications and when a linear or linear-branching distribution -suggestive 
of a ductal lumen filled with in situ cancer- is detected on mammography.2 Hence, 
clinical assessment not only focuses on detection, but evaluates the 3D distribution 
of microcalcifications as well.
Currently, mammography is considered the gold standard for microcalcification 
detection and characterization. However, mammography suffers from a number 
of limitations. First, a mammogram is a 2D projection of the total breast, which 
restricts the 3D imaging of the distribution of the microcalcifications. Furthermore, 
the reported detection sensitivities and specificities for in situ or malignant 
disease vary between 74%-89% and 85%-99%, respectively.6–12 Dynamic contrast-
enhanced MRI (DCE-MRI) has been shown to improve the detection and staging 
of DCIS.13–17 Unfortunately, DCE-MRI cannot always discriminate enhanced DCIS 
lesions from a variety of benign causes of signal enhancement.14,18 The specificity 
of DCE-MRI may be improved when morphologic detection and characterization of 
micro-calcifications becomes feasible with non-contrast-enhanced MRI sequences.  
One tissue property that can potentially be exploited to depict microcalcifications 
with MRI is the difference in susceptibility between calcified tissue and breast 
tissue.18 This difference in susceptibility locally perturbs the phase of the MRI 
signal, which can be measured with a gradient echo sequence. The effect of the 
susceptibility difference on the gradient echo MR signal scales with the main 
magnetic field strength (B0), i.e., a higher main magnetic field induces an increased 
effect.19 Furthermore, the inherently higher signal-to-noise ratio (SNR) at higher field 
strengths can potentially be used to decrease voxel size, allowing smaller differences 
in susceptibility to be detected.20 The latter property might be important, in as much 
as the small difference in susceptibility between microcalcifications and glandular 
tissue makes its detection with MRI difficult.19,21 Previous attempts to detect 
microcalcifications in the breast with MRI used either the signal phase or assessed 
the image distortion caused by the calcified tissue. The first in-vivo demonstration 
of discrimination of calcifications in breast tissue was done by Fatemi-Ardekani et 
al.18 This method, however, showed decreased contrast at longer echo times, at 
which the phase sensitivity for small field perturbations becomes higher.18 Other 
methods suffered a limited sensitivity and/or specificity, amongst others because 
they do not allow discrimination of calcium from other field perturbing structures, 
such as blood.22,23
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The purpose of this study was to show the feasibility of ultra-high field MRI detection 
of microcalcifications in whole breast mastectomy specimens. To achieve this goal 
the spatial derivative of the signal phase derivative was calculated. The phase 
derivative allows discrimination between diamagnetic field perturbing structures, 
such as calcifications, and paramagnetic field perturbing tissues, e.g., blood.24 At 
first, the discriminative property of the phase derivative is demonstrated. Second, 
the influence of a long echo time and high imaging resolution is illustrated. Third, an 
approach to automatic detection of microcalcifications is demonstrated.

Materials and Methods
Mastectomy specimens 
Four mastectomy specimens were obtained with approval of the institutional review 
board. As part of the clinical work flow, mammography images were obtained 
prior to surgery. After surgery the specimens were imaged on a 7T whole-body 
MR system (Achieva, Philips Healthcare, Cleveland, OH, USA). Prior to the MRI 
acquisitions, the specimens were placed into a plastic container filled with fomblin 
(perfluoropolyether, Solvay Solexis, Italy). Fomblin is a non-signal bearing medium, 
which allows a more homogeneous B1 field for the imaging of irregularly shaped and 
small imaging objects. The MRI acquisition consisted of a 3D velocity compensated, 
RF spoiled multi gradient echo sequence, comprising 11 echoes. Scan parameters 
included: field of view (FOV) 220×177×60 mm3, 0.6 mm isotropic resolution, 
repetition time (TR) 55 ms, echo time first echo (TE1) 2 ms, echo spacing (δTE) 1.8 
ms, flip angle 20°, number of signal averages (NEX) 1 and read-out bandwidth 951 
Hz/pixel, resulting in a scan duration of 21 minutes and 16 seconds. The echo times 
were chosen such that, for the first echo times, the water and multiple fat peaks were 
approximately in phase.25 The multiple echoes allowed the contrast in the phase 
derivative images to be studied as function of the echo time. To study the effect of 
the imaging resolution, a similar scan was performed at a lower imaging resolution. 
Scan parameters included: FOV 220x177x60 mm3, 1 mm isotropic resolution, TR 55 
ms, TE1 2 ms, δTE 1.8 ms, flip angle 20°, NEX 1 and read-out bandwidth 951 Hz/
pixel, resulting in a scan duration of 3 minutes and 33 seconds. 
Two specimens were subjected to CT imaging (Brilliance, Philips Healthcare, Best, 
the Netherlands). Scan parameters for the first specimen were: voltage 120 kV, mAs 
400, in-plane resolution 0.2 mm, increment 0.3 mm, 748 slices. Scan parameters 
for the second specimen were voltage 90 kV, mAs 140, in-plane resolution 0.2 mm, 
increment 0.4 mm, 611 slices. 

Simulations
Simulations were performed to show the influence of the shape of the distribution of 
calcifications on the pattern displayed by the phase derivative.26 Four distributions 
were investigated: a single spherical field perturbing object, three adjacent spherical 
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field perturbing objects, seven adjacent spherical field perturbing objects and 
a cylindrical field perturbing object with the same diameter as the spheres and a 
length that is seven times the diameter of the spherical field perturbating object. The 
long axis of the distribution was directed perpendicular to the main magnetic field. 
The susceptibility difference between the perturbing objects and the surrounding 
medium was set to -0.9 ppm, which corresponds to the difference in susceptibility 
between calcium and tissue.19,21      

Data processing 
Image processing was performed using Matlab (The MathWorks, Natick, MA). 
The phase derivative was calculated by applying the Fourier derivative theorem 
on the acquired complex data, as described in previous work.27 By calculating the 
phase derivative on the complex data, phase unwrapping and user intervention 
were obviated. The phase derivative was calculated in each direction, with Px the 
derivative along the left-right direction, Py along the anterior-posterior direction 
and Pz the phase derivative along B0. The phase derivative at the first echo was 
subtracted from the maps at subsequent echo times to remove B1-related phase 
effects.28 The phase derivative maps were subsequently blurred with a Gaussian 
filter with width δ 1 voxel and a kernel size of 5 voxels, high-pass filtered29, and 
windowed (-π,π). Furthermore, the background was suppressed at three times the 
standard deviation of the noise.
A spherical field perturber, such as a microcalcification, results in a characteristic 
six-lobed pattern in the phase derivative image.24 This six-lobed pattern is composed 
of three white dots and three black dots that form two opposing arrowheads in the 
direction in which the derivative is determined. The ‘black arrowhead’ and the ‘white 
arrowhead’ point in opposing directions. The direction in which both heads point 
(parallel or anti-parallel to the direction of the derivative) indicates the presence of a 
paramagnetic or diamagnetic magnetic field perturbation. The locations of the field 
perturbing structures were identified on the CT images and MRI after intensity based 
rigid registration of both image modalities.30 The locations of the microcalcifications 
were used to create a binary map. This binary map and the original magnitude image 
were used to create a 3D view of the calcifications within the tissue.31

Automatic detection tool 
To assist in the detection of the microcalcifications, an algorithm was developed 
to detect microcalcifications automatically. The algorithm was based on template 
matching using correlation coefficients.32 It was implemented in Matlab and 
works as follows: first, 10 microcalcifications were manually selected from one 
mastectomy specimen. Second, the characteristic six-lobed pattern surrounding 
each microcalcification was put into a template map. The patterns of the derivatives 
Px and Pz were selected along the coronal plane, the pattern of Py was selected 
along the transversal plane. Third, the phase derivative images at each echo were 
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matched to patterns in the template images. Lastly, locations were selected that 
showed a correlation coefficient above 0.85; i.e. locations that had a correspondence 
of 85% or higher with one or more of the examples in the template map. The 
correlation coefficient was chosen to result in a small number of false negatives, 
while maintaining an acceptable false positive rate. 
After the automatic detection, the patterns in the phase derivative images at the 
positions indicated by the algorithm were manually checked by a rater to remove 
false positives. The rater reviewed the three patterns (Px, Py, Pz) of the phase 
derivatives at the locations at which a high correlation with the test set was obtained. 
The surrounding slices were included in the interpretation of the data as well. False 
positives that were caused by variations in the phase due to noise, irregularly shaped 
water-fat transitions or branching vasculature that locally resulted in a pattern that 
resembled a diamagnetic perturbation could hereby be removed. Especially the 
images at the long echo time, which show the highest sensitivity for field perturbing 
structures, suffered from a low SNR in the phase images.20 Therefore, false positives 
were more frequently obtained and removed from the results at longer echo times.

Results 
Phase derivative patterns expected for different distributions of 
microcalcifications
Various distributions of calcifications are expected to occur within the breast.33 

Broadly these can be characterized by spherical (clusters of) calcifications and 
cylindrical distributed calcifications or combinations thereof. In Figure 1 the phase 
derivative pattern for all three directions of the phase derivative are shown for four 
distributions of calcifications. The results for the single sphere show that along all 
directions of the derivative the same pattern is obtained, as expected from the 
symmetry of the object. The other distributions show that the pattern of the phase 
derivative is the same along two dimensions that showed symmetry of the object, 
but is somewhat different along the long axis of the distribution. However, in these 
images the edges of the distributions still show a pattern that corresponds to 50% 
(cylinder) or more of the six-lobed pattern. 

Discriminating paramagnetic from diamagnetic substances 
The discriminative potential of the phase derivative is illustrated in Figure 2. 
Three different field perturbing structures were found: a surgical marker, air and 
(micro)calcifications. In Figure 2b the calcification, which is diamagnetic, showed 
the six-lobed pattern with a white arrowhead pointing left and a black arrowhead 
pointing right. The paramagnetic air bubble in Figure 2b showed the opposite 
pattern, i.e. the white arrowhead pointing right and the black arrowhead pointing 
left. Note that air is also visible on the CT image in Figure 2a, as indicated by the 
red arrow. The yellow arrow in Figure 2a indicates a surgical marker that was left 
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Figure 1. Simulations of the magnetic field of four distributions of calcifications. The first 
column shows the results of a single spherical calcium particle. The second column shows the 
results for a simulation of three adjacent spherical calcium particles, the third column for seven 
neighboring spherical calcium particles, and the fourth columns shows the results for a cylinder 
with a diameter of one sphere and a length of 7 spheres. The distributions were arranged to 
have their long axis perpendicular to the main magnetic field. The first row shows the schematic 
distribution of the susceptibility, the second row the derivative Px, the third row the derivative 
Pz and the fourth row the derivative Py. Decreases of the local phase are indicated in black, 
positive increases of the phase in white. The white arrow in the right bottom of each image 
indicates the direction in which the derivative is determined.

after a previous procedure. Similarly to the air bubble, the clip showed the pattern 
expected for a paramagnetic disturbance. The calcification indicated by the blue 
arrow in Figure 2a showed the six-lobed pattern, which is to be expected for a 
spherical diamagnetic perturbation, only along the Px direction (Figure 2b) and Py 
direction (Figure 2d), but not for the phase derivative along B0 (Figure 2c).  
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Effect of the echo time and image resolution on the phase derivative 
image contrast
The influence of the echo time and the imaging resolution on the contrast in the 
phase derivative images is illustrated in Figure 3. At the shortest echo time only 
large perturbations of the magnetic field, such as induced by the surgical clip and 
air illustrated in Figure 2, are visible. By increasing the echo time, the information 
surrounding these strong perturbations becomes less well defined since the signal 
in their near vicinity is lost due to signal dephasing.27 Furthermore, at longer echo 
times water-fat phase effects become more prominent, especially near fat-glandular 
interfaces.
Figure 3a shows that microcalcifications are not observed at short echo times. By 
increasing the echo time, as illustrated in Figure 3b, the six-lobed pattern appears 
at the location of the microcalcification. However, even at long echo times of nearly 
17 ms, the pattern cannot easily be discerned. By increasing the resolution to 
0.6 mm isotropic, as shown in Figure 3c, the characteristic pattern is more easily 
discerned and can be characterized as diamagnetic. Overall, however, the contrast 
between different structures in the breast, especially near fat-glandular interfaces, is 
reduced by water-fat phase effects. The signal-to-noise ratio ranged approximately 
between 100 and 22 for the low resolution at the first echo, between 40 and 7 for 
the high resolution at the first echo, and between 20 and 3 for the high resolution 
at the last echo. The low resolution image showed more locations at which signal 
losses occured due to signal dephasing. 

Figure 2. One image slice of a mastectomy sample. Frame a shows the registered CT image, 
frame b-d show Px, Pz and Py, respectively. The phase derivatives were determined at an echo 
time of 2 ms and are shown along a plane at which the derivative is calculated, with the direction 
in which the derivative is determined indicated by the arrow in the right bottom of the image. 
The images show a surgical clip (yellow arrow), a calcification (blue arrow) and air bubbles at the 
edge of the specimen (red arrow). The insets display a magnification of the pattern caused by an 
air bubble (black lines) and the calcification (white lines). The air resulted in a black arrow pointing 
left (b), pointing down (c) and pointing right (d).
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Microcalcifications in a linear distribution
Microcalcifications in a linear or linear-branching distribution are associated with 
a higher chance of malignancy.2 In Figure 4, three linearly distributed strings of 
microcalcifications within one mastectomy specimen are shown. The top row in 
Figure 4 shows the phase derivative surrounding four microcalcifications, which 
constitute a part of a string of microcalcifications. The bottom row of Figure 4 
shows a 3D view of the three linear distributions. The patterns displayed on the top 
row of Figure 4 show the slightly varying appearance of the patterns in the phase 
derivative images surrounding the microcalcifications. The patterns that correspond 
to diamagnetic disturbances were detected in all three directions of the phase 
derivative images. The longest string was approximately 8 mm in length, and the 
other two approximately 4 mm. Histological evaluation of the specimen confirmed 
the presence of linearly distributed microcalcifications.

Automatic detection 
The automatic detection template-matching algorithm was trained on ten 
microcalcifications located in one of the mastectomy specimens. To validate the 
performance of the algorithm, it was first performed on that same dataset. The 
test resulted in 42 possible locations containing a microcalcification. After manual 
inspection of the patterns in the phase derivative images surrounding these 42 
locations, 15 microcalcifications were identified as true positives. These 15 true 
positives consisted of the 10 microcalcifications that were used for the template 
matching as well as 5 new incidences that were initially not found by manual 
inspection of the data of the specimen. The number of microcalcifications found 

Figure 3. Phase derivative images of a microcalcification. Shown is the phase derivative Pz 
acquired with a 1 mm isotropic resolution at echo times of 2 ms (a) and 16.6 ms (b) and the 
phase derivative acquired with 0.6 mm isotropic resolution at an echo time of 16.6 ms (c). The 
insets of the images show a magnification of the pattern observed near the location of the 
microcalcification, the arrow in the right bottom of the image indicates the direction in which the 
derivative is determined. Note that a longer echo time and a higher spatial resolution improves 
the visualization of the pattern of the phase derivative induced by the microcalcification.
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before and after manual inspection of all four mastectomy specimens, as well as the 
number of microcalcifications that could be visually detected on the mammography 
images, are presented in Table 1. A cluster or linear distribution of multiple 
microcalcifications was counted as one.
Table 1 illustrates that the algorithm detected at least three times as many 
false positives as true positives. After inspection by a blinded rater, the number 
of microcalcifications located in the mastectomy specimens corresponded 
closely to the number of microcalcifications found on the mammograms. The 
locations of the microcalcifications on the mammograms and of those detected 
on MR images could not be matched because of the deformation of the surgical 
specimens. Furthermore, the CT images of the specimens could not be used as 
a gold standard for the location of the microcalcifications, as the CT images only 
displayed one macrocalcification for the first mastectomy specimen and two 
macrocalcifications for the second mastectomy specimen. After rigid registration, 
the position of the three calcifications that were visible on CT was the same on 

Figure 4. Images of linearly distributed calcifications in one of the whole breast specimens. 
Frames a-d show four slices of the phase derivative, of a total of thirteen slices, of one set of 
linearly distributed microcalcifications. The direction of the derivative is indicated by the white 
arrow in the right bottom. The location of the microcalcifications in the top row images is in-
dicated by the blue arrow, a magnification of the pattern at the indicated location is shown in 
the inset. The 3D images in frames e-g display the magnitude as well as the locations of the 
microcalcifications (white dots) from three different view angles. Shown are three linear distri-
buted calcifications, one larger string of calcifications in the order of 8 mm (thirteen slices) and 
two smaller strings of calcifications of approximately 4 mm (six and seven slices, respectively) 
in length.
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both image modalities. A 3D view of the distribution of the microcalcifications 
detected by the algorithm in one of the specimens is shown in Figure 5. 
The microcalcification indicated by the arrow in Figure 5 shows that the method 
detects microcalcifications even in areas with low SNR, which was approximately 
5 at the indicated position. The results in Figure 5 furthermore illustrate that, by 
applying our method, the microcalcifications can be located in 3D, which allows a 
straightforward interpretation of the calcification distribution in the mastectomy 
specimens.

Table 1. The number of calcifications detected on MRI by the automatic algorithm before and 
after manual correction (mc), and the number of calcifications found on the mammography 
images.

Specimen Number of calcifications

Before mc After mc Mammography

1 42 15 14

2 67 16 >30

3 47 16 18

4 92 18 13

Figure 5. 3D image displaying the magnitude and the location of the microcalcifications (white 
dots) from three different view angles. The black lines in the images delineate two plastic pla-
teaus that were used to fix the specimen in the plastic container. The arrow indicates a micro-
calcification detected at an area with low SNR of approximately 5.
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Discussion 
In this work, we have demonstrated that microcalcifications in whole breast 
specimens can be detected with 7T MRI. The pattern of the phase derivative, that 
is demonstrated by a diamagnetic or paramagnetic field disturbance, was shown 
by simulations and in ex-vivo whole breast specimens. The contrast of the phase 
derivative images was shown to depend on the imaging resolution and on the echo 
time. Longer echo times allowed smaller structures and structures that perturb the 
magnetic field very little to be identified, but have the drawback that the phase 
change induced by small field perturbations might be obscured by the phase 
changes induced by other, stronger, perturbing structures. The phase derivative 
allowed imaging of small isolated microcalcifications as well as of linearly distributed 
microcalcifications. The latter shows the potential future clinical importance of 
this ex-vivo study. An algorithm was developed to allow automatic detection of 
microcalcifications, which could pave the way to future clinical implementation of 
this novel detection method.
The study suffers from a number of limitations. First, to detect the small 
microcalcifications a long echo time needed to be used, since the magnetic field 
is perturbed only weakly by the microcalcifications.19,21 By increasing the echo 
time, the sensitivity to small perturbing structures was increased, though not at all 
locations. Especially near water-fat interfaces, such as in the vicinity of the glandular 
tissue, water-fat out-of-phase effects resulted in phase heterogeneities. Although 
water and all fat peaks can be tuned in-phase at short echo times, this tuning is not 
feasible for long echo times.25 The water-fat effects on the signal phase can possibly 
be reduced by increasing the imaging resolution, albeit at the cost of a prolonged 
imaging duration.20 To decrease the imaging duration, while maintaining the high 
image quality, parallel imaging techniques, e.g. SENSE, could be applied when using 
multi-channel breast coils. In general, at least four echo times e.g. 2 ms, 3.8 ms, 13 
ms and 16.6 ms or their equivalent echo times at other magnetic field strengths20, at 
the highest imaging resolution allowed within the available imaging time would be 
preferable. This allows the large (micro)calcifications (2 ms, see Figure 2), the small 
microcalcifications (16.6 ms, see Figure 3 and 4) as well as microcalcifications with 
sizes in between the two extremes to be imaged.   
Second, the method reflects the shape of the total macroscopic magnetic field. 
The simulations in Figure 1 illustrate that the pattern of the phase derivative 
might be difficult to interpret in one direction of the phase derivative, while the 
other directions can present patterns that can be clearly identified to be either 
paramagnetic or diamagnetic of origin. Many of the calcifications can be expected 
to be ductal (cylindrical) in shape.18,33 In such cases the magnitude of the magnetic 
field offset is expected to change as function of its orientation with respect to the 
main magnetic field. In case of a very long cylindrical shaped calcification oriented 
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perfectly along the main magnetic field, the images will not show a perturbation of 
the magnetic field and hence the calcification cannot be identified.20 However, the 
three cylindrical shaped calcifications presented in this work showed the six-lobed 
pattern in at least two of the three directions of the phase derivative. The patterns 
displayed by these three strings of calcium resembled the simulation in Figure 1c the 
closest, with possibly larger distances between neighboring calcifications than used 
in the simulation. Besides the studied spherical and cylindrical distributions, other 
distributions of calcified tissue might appear as well.33 Possibly these distributions 
will not show a pattern that can be identified by the six-lobed pattern. Further 
research is needed to study whether such distributions occur frequently, their 
shape, the magnetic field distortion induced by these distributions and the scale on 
which this distribution occurs, as variations in the shape of distances much smaller 
than a voxel will show a perturbation that resembles the perturbation induced by a 
pointsource.20

Third, this study is a feasibility study in whole breast specimens. In-vivo imaging 
of microcalcifications by MRI poses additional challenges. The most important 
challenges concern movement artifacts and susceptibility artifacts due to e.g. air 
in the lungs. Air filling of the lungs creates a large susceptibility induced artifact, 
which induces heterogeneity in the signal phase. This will subsequently obscure 
effects due to local field inhomogeneities such as a microcalcification. A possible 
solution is to apply a breath-hold strategy in combination with active shimming 
techniques.34 Although the current study concerned ex-vivo breast tissue, we have 
demonstrated that phase derivative mapping allows detection and localization of 
microcalcifications in the human breast in 3D.  
Fourth, due to the low sensitivity of CT, only three macrocalcifications detected 
with the phase derivative images could be confirmed by a separate cross-sectional 
imaging method. Mammography is more sensitive, but because of the different 
shape of the breast in-vivo and the shape of the breast after mastectomy, and 
due to the 2D projection inherent to mammography, 3D registration of the MR 
data to the available mammograms was not feasible. However, the number of 
microcalcifications on the mammogram acquired prior to the mastectomy procedure 
was compared to the number of microcalcifications found in the ex-vivo breast. 
A close correspondence was found between the number of calcifications on the 
mammograms and MRI.
The automatic detection algorithm resulted in many false positives. Many of these 
false positives could be explained by noise, water-fat interfaces and branching 
blood vessels. On the other hand, not all microcalcifications within the specimens 
were detected by the algorithm. These false negatives were attributed to slightly 
different appearances of the microcalcification-induced phase disturbances, caused 
by macroscopic variations of the magnetic field induced by other field perturbing 
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structures, such as air bubbles and the small training set of the algorithm. Since 
the algorithm was trained on only 10 examples, not all possible configurations of 
the six-lobed pattern that include different macroscopic variations of the magnetic 
field were incorporated into the patterns that were used by the algorithm. The 10 
examples were all examples that were initially found in the first specimen. The five 
additional microcalcifications that were detected in the same specimen illustrate 
the usefulness of the algorithm. The number of microcalcifcations detected on the 
mammography images were in good agreement with the number of microcalfications 
found by the algorithm. In the second specimen mammography and MRI showed 
many calcifications, but not all of them were detected by the algorithm. In the third 
specimen two macrocalcifications, such as shown in Figure 2, remained undetected 
by the algorithm. The macrocalcifications were detected by the manual rater on the 
phase derivative images and on CT, but because of their large size their appearance 
showed too little overlap with the patterns provided by the 10 microcalcifications in 
the training set. That these examples were not detected by the algorithm illustrates 
that the training set needs to be enlarged for it to be clinically applicable. 
A number of techniques have been presented in the literature to allow imaging of 
calcifications with MRI. One of those techniques is susceptibility weighted imaging 
(SWI).18,29,35 SWI has been used to study calcifications in various in-vivo settings, 
such as in the breast18 in the brain35 and in the vasculature.36 Although SWI shows 
promising results, the weighting applied in SWI needs phase unwrapping, which is 
difficult, especially in areas with strong field perturbations or other strong variations 
of the signal phase and in areas with a low SNR.37,38 Furthermore, the contrast of the 
images has been described to decrease with long echo times.18 Especially the long 
echo times are sensitive to small field perturbing objects, as shown in this work. 
At long echo times and at 7T, at which B1 inhomogeneities are generally known to 
result in low SNR, SWI is therefore difficult to perform because of inhomogeneities 
in the signal magnitude and strong variations of the signal phase. 
Another study that was aimed at the detection of calcifications applied acoustic 
radiation force measurements in phantoms.23 The method applies ultrasound to 
detect changes in the elasticity of the local tissue surrounding the calcifications. 
The method requires the presence of an ultrasound source within the MRI scanner, 
which is not readily available on normal platforms. The technique is furthermore only 
applicable in homogeneous structures and might suffer from a limited resolution. 
A third method that was applied to image calcifications in the breast is Quantitative 
Susceptibility Mapping (QSM).39 QSM, which uses phase imaging, is based on the 
solution of an ill-defined problem to calculate the local susceptibility. Since the 
problem is ill-defined, validation of the obtained results is crucial. Many of the 
processing steps have not been validated yet, which compromises the reliability of 
the method.  
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Future work will focus on the automatic detection tool. Improvements include 
increasing the number of microcalcifications in the test set used by the algorithm. 
The improvement will aim to reduce the number of false positives, whilst maintaining 
or improving the sensitivity. In our opinion, the automatic detection tool is crucial 
for clinical implementation of the phase derivative technique, inasmuch as manual 
analysis of the phase derivative maps is difficult to learn and time consuming. 
Future research will also focus on applying the method to in-vivo data. First, the 
scan protocols will be developed and included in the 7T scanning protocol in breast 
imaging research. Developing these protocols will include reducing breathing 
artifacts and ensuring that sufficient SNR is obtained throughout the whole breast 
or sample to allow the signal phase to be studied, for example by applying transmit 
SENSE to reduce signal loss induced by B1 inhomogeneities.40 Other future 
directions include studying the sensitivity of phase derivative mapping at other, 
lower, main magnetic field strengths. 
In conclusion, we have demonstrated that microcalcifications can be detected in 
ex-vivo breast tissue using the phase derivative. The detection could be partially 
automated, although the preliminary algorithm resulted in a considerable number 
of false positives, which were removed by a manual rater. However, as this is 
preliminary work, we expect many improvements to be made in future work, which 
are likely to improve the sensitivity of the method as well as to provide an increase 
in the specificity of the automatic detection procedure.     
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Breast MRI is increasingly used in clinical practice.1 7T MRI offers possibilities 
that may improve the diagnostic accuracy, although it also poses challenges. The 
validation of a conventional breast MRI protocol is the first step to take before 
allowing the gradual introduction of techniques that exploit specific properties of 7T 
MRI. Therefore, in the first part of this thesis the feasibility of performing dynamic 
contrast-enhanced (DCE) breast imaging at 7T was investigated. In the second part 
we focused on improved or new breast MRI techniques that benefit from the ultra-
high field strength. In the following, the main findings of the studies are summarized 
and discussed.

DCE breast MRI at 7T
Our first attempt to perform DCE breast MRI at 7T in a breast cancer patient is 
described in chapter 2, where it is directly compared to 3T imaging and histopathology. 
This initial experience showed that DCE breast MRI at 7T is technically feasible, and 
may allow for analysis conform the BI-RADS-MRI lexicon. Furthermore, a higher 
contrast-enhancement-to-noise ratio was found at 7T MRI compared to 3T MRI, 
even though T1-effects (relaxivity) of contrast agents are slightly reduced at higher 
fields.2 With the application of sufficient T1-weighting while maintaining a high 
signal-to-noise ratio (SNR) we demonstrated that the contrast-enhancement-to-
noise ratio improves at higher field strengths. 
Following this promising first experience, a dedicated patient study was conducted 
to investigate the clinical feasibility. Twenty patients with a suspicious breast mass 
lesion were examined, as described in chapter 3. All twenty examinations were 
assessed according to the BI-RADS-MRI classification system by two radiologists 
(R1 and R2). They identified all nineteen histopathological proven malignant lesions, 
and classified them BI-RADS-MRI 4 or 5, i.e. suspicious abnormality or highly 
suggestive of malignancy. Furthermore, a benefit of ultra-high resolution imaging 
was illustrated as it increased reader confidence in 88% (R1) and 58% (R2) of 
cases. To warrant clinical use of 7T MRI, results need to be obtained that compare 
at least equal to the clinical imaging standards. Therefore, an intra-individual 
comparison study was performed, which is described in chapter 4. Twenty patients 
with suspicious lesions were imaged at both 3T and 7T MRI. The scans were again 
evaluated by two radiologist (R1 and R2) independently. They indentified ten of 
the eleven histopathological proven malignant lesions independently and at both 
field strengths. The image quality of the dynamic series was overall rated good for 
7T, and excellent (R1) and good (R2) for 3T. R1 rated the 3T dynamic scans to be 
of significant better image quality, while R2 did not rate it significantly different 
between field strengths. Malignant lesion sizes did not significantly different 
between field strengths for either observer.   
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Due to the novelty of whole body imaging at 7T, coils had to be constructed for any 
region of interest. The first coil available for breast imaging was a unilateral breast 
coil consisting of two orthogonally placed elements.3 With this coil the majority 
of patients described in this thesis was imaged. The images showed improvements 
compared to the first report on 7T DCE breast MRI for which a single loop-coil 
was used.4 That report illustrated mostly the complexity of breast imaging at 7T. 
Furthermore, only a moderate image quality was obtained with the single loop-coil. 
During the intra-individual comparison study a bilateral breast coil came available, 
consisting of four elements operated in quadrature. Coverage of both breasts 
and axillae is a requirement for clinical applicability. Three main reasons are; 1) 
for screening in high-risk women, 2) for background parenchymal enhancement 
comparison and consequently the detection of any abnormal enhancement, and 3) 
for the detection of contralateral malignancies in breast cancer patients.5 Although 
the new coil meets the clinical requirements of bilateral breast imaging, it is not at 
its optimum yet. The introduction of multiple-receiver arrays will be an important 
advancement. They will not only optimize signal reception, but also enable the use 
of parallel imaging techniques to e.g. decrease acquisition times. Especially for ultra-
high resolution imaging the decrease of acquisition time is a requirement. Ultra-high 
resolution imaging at 7T MRI (voxel size 0.6 mm isotropic) showed to have a better 
image quality than high-resolution imaging at 3T MRI.6 Furthermore, it showed 
clinical potential as it increased the reader confidence in the feasibility study 
(voxel size 0.45×0.57×0.45 mm3) presented in chapter 3. At this point however, 
the acquisition time of approximately ten minutes needs to be rigorously reduced 
to be clinically applicable. Especially when incorporated in a dynamic protocol, 
providing ultra-high resolution anatomical information combined with physiological 
information, the acquisition time need to be less than two minutes. The reduction can 
be achieved with the use of parallel imaging techniques such as sensitivity encoding 
(SENSE), which is not possible with the current coil design. Another possibility is to 
use alternative k-space sampling techniques, such as a time-resolved angiography 
with interleaved stochastic trajectories sequence, as illustrated by Pinker et al.7 The 
feasibility of the introduction of a multiple-receiver array in a unilateral breast coil 
has been presented in a patient case.8

The image quality obtained at 7T was overall rated good, in both the feasibility 
study and in the intra-individual comparison study. However, there is still room for 
improvement. In the feasibility study one of the examinations was rated insufficient 
by one of the observers. Furthermore, in the intra-individual comparison study one 
observer rated the image quality of the dynamic series at 3T MRI significantly better 
than the image quality of the dynamic series at 7T. 7T MRI is known to have a greater 
heterogeneity of the static magnetic field (B0), and of the applied RF field (B1+) 
compared to lower field strengths. To obtain a homogeneous B0 field shim techniques 
were used in every case, namely volume shim using linear shim correction terms, or 
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image based 2nd or 3rd order shimming. These shimming techniques may be improved 
to enhance image quality. For instance, dynamic B0 field monitoring and correction 
using field probes has been described.9 To obtain a homogenous B1+ field sensitivity 
optimized RF coils were used. Using these coils, the higher sensitivity close to the 
coil elements can be exchanged for high signal saturation, while less saturation can 
be applied further from the elements where the sensitivity is lower. Consequently, 
the relative T1 sensitivity is reasonably homogeneous, which is illustrated in chapter 
2. Improvements could be made by investigating the application of adiabatic RF 
pulses10, or RF pulses designed to compensate the linearly decreasing B1+ field.11 
Other research comparing 7T and 3T breast MRI however, performed in healthy 
volunteers, showed similar image quality for T1-weighted (T1w) fat suppressed 
bilateral breast imaging, with the acquisition of conventional voxel sizes at both field 
strengths.6;12 In those two studies a different fat suppression technique was chosen 
for the 7T scans, namely spectrally selective adiabatic inversion recovery (SPAIR) 
opposed to a binomial RF pulse (pro-set). The SPAIR technique is even less prone to 
B1+ field inhomogeneities than pro-set is. Unfortunately, SPAIR is not compatible 
with dynamic imaging at 7T due to specific absorption rate (SAR) limitations. Other 
fat suppression techniques, such as a DIXON-based method could be considered. 
The DIXON technique is insensitive to both B0 and B1+ inhomogeneities, and 
delivers two different contrasts in one measurement.13 For 3T breast imaging it has 
shown potential to improve the homogeneity of the fat suppression, especially in 
areas of inhomogeneous B0.14 Future research will have to determine the optimal 
method of fat suppression to be used for DCE breast MRI at 7T. 
In the patient studies that are presented in this thesis, only T1w imaging was 
included, which is the basis of a breast imaging protocol.15 The sensitivity of T1w 
gradient echo sequences can be tuned to be relatively unaffected by local flip angle 
variations, whereas T2w spin echo sequences are very sensitive to strong flip angle 
variations. Therefore, conventional spin echo imaging is not feasible to be performed 
up to date due to the inhomogeneity of the B1+ field provided by the coil set-up. 
Additional techniques, as described above, need to be implemented before a full 
clinical image protocol is possible, requiring both T1w and T2w imaging.16  
The equal detection rate of malignant lesions as clinical 3T imaging and overall good 
image quality shows the potential of 7T for clinical usage. The described possibilities 
for improvements, comprising the incorporation of multiple-receiver arrays, the 
implementation of state-of-the-art shim techniques, and tailored sequences, are all 
nearing readiness for implementation. With that breast MRI at 7T is soon ready for 
daily clinical use.   

Improved and new breast imaging techniques at 7T  
The second part of the thesis focused on improved or new breast imaging techniques 
that benefit from the ultra-high field strength. First, phosphorus (31P) Magnetic 
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Resonance Spectroscopy (MRS) was applied for the assessment of cell membrane 
metabolism and the effect of the menstrual cycle on the measured metabolite 
ratios. Second, the value of conventional 3T MRI in patients with suspicious 
microcalcifications on mammography was established. The shortcoming of MRI to 
depict the calcifications themselves was determined, which led to the investigation 
of a new technique to visualize calcifications with 7T MRI. 

Magnetic Resonance Spectroscopy
Magnetic Resonance Spectroscopy is one of the techniques that benefit from 
moving to 7T. The higher SNR and greater spectral dispersion enables the detection 
of multiple phosphorus containing metabolites.17;18 The scarce patient data that 
is available on 31P MRS at 7T demonstrates the feasibility of monitoring in-vivo 
metabolism in patients receiving neoadjuvant chemotherapy.17;19 To answer the 
question whether 31P Magnetic Resonance Spectroscopic Imaging (MRSI) results are 
influenced by the menstrual cycle, seven females with a regular menstrual cycle 
were measured each at four equidistant times during the menstrual cycle. The 
results reported in chapter 5 show that 31P MRSI examinations can be performed at 
any point during the menstrual cycle, without a significant affect on the phosphorus 
metabolic ratios. On individual basis variations in metabolic ratios were observed, 
which are attributed to the uncertainty of the method. 
It is unclear to what extent the variations could be attributed to the measurement 
precision because there is only little data on the reproducibility of 31P MRS 
examinations of the breast. The only evidence available, obtained in four volunteers 
measured on different days, suggests a variation of 6% of the total phosphate 
signal.20 The effects on metabolic ratios are not discussed in that work. The exact 
methods’ precision is therefore still to be determined. 
As described above, the current primary clinical application of 31P MRS is the 
monitoring of patients receiving neoadjuvant chemotherapy. In this patient group, 
in comparison to our volunteer study, a higher SNR is expected because of the 
elevated concentration of these metabolites. In breast cancer there is an increase 
in the phospholipid membrane anabolism.20 PME signals have been reported to be 
approximately three times higher in breast cancer compared to benign tumors.21;22 
To avoid any influence of the measurements variability, voxels with disease could 
be intra-individually compared to the contralateral healthy breast to serve as an 
individual reference measure. In that case a bilateral set-up is necessary.  
Overall, 31P MRS of the breast at 7T is a promising technique to measure tissue 
metabolism non-invasively. Measurements can be performed without being 
significantly effected by the menstrual cycle. Further patient studies are warranted 
to establish its value in breast cancer monitoring, and possibly in breast lesion 
characterization.   
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Magnetic susceptibility 
Ductal carcinoma in situ (DCIS) presents itself as microcalcifications on mammography 
in up to 79% of cases.23;24 However, microcalcifications are also often associated 
with benign or high-risk lesions instead of with malignancy.25;26 Therefore, careful 
evaluation of mammographically detected microcalcifications is needed. Lower 
field MRI has been investigated in this patient group, which showed a sensitivity 
for the detection of DCIS ranging from 45% to 87%, and a specificity ranging 
from 68% to 100%.27-30 This is, among others, due to the difficulty to differentiate 
between enhancement of healthy parenchyma or a benign lesion, and enhancement 
because of the presence of a DCIS lesion.31 Currently, breast imaging is slowly 
moving towards the field strength of 3T, for which there is preliminary evidence 
that it may improve lesion detection and characterization.32 In chapter 6 the added 
value of 3T breast MRI in patients presenting with suspicious microcalcifications on 
mammography was investigated. A total of 123 patients with mammographically 
detected BI-RADS 3-5 microcalcifications underwent 3T breast MRI. Two observers 
(R1 and R2) detected all invasive malignancies at MRI (n=12), as well as 79% (R1) and 
86% (R2) of pure in situ lesions (n=28). Multivariate analysis showed that 3T breast 
MRI in addition to conventional imaging has an added value, as the AUC showed 
a significant increase. However, despite of that result, MRI does not exclude DCIS 
lesions of all grades sufficiently. The diagnostic accuracy of MRI may be improved 
when detection and morphologic characterization of microcalcifications becomes 
feasible. Therefore, a new technique sensitive for the susceptibility property of 
calcifications was investigated for its potential to visualize calcifications with MRI, 
which is described in chapter 7. Ex-vivo whole breast specimens were subjected 
to gradient echo sequences of which the phase derivative was examined. In these 
examinations a specific pattern in the phase derivative allowed microcalcifications 
to be discriminated from other field perturbers. Furthermore, the first steps towards 
automated detection were presented by using a template matched algorithm.  
These preliminary results show the feasibility of the technique in ex-vivo tissue. 
The greatest challenge when translating the technique to an in-vivo situation will 
be to overcome movement artifacts and susceptibility artifacts due to air in the 
lungs, heartbeat and breathing movement. Breath-hold techniques and dynamic 
shim techniques may aid in this problem9, minimizing B0 distortions. Second, the 
acquisition time needs shortening to become a clinical workable technique, for which 
parallel imaging techniques could be applied when using a multi-channel breast 
coil. Still, multiple echo times up to 20 ms are needed, with the highest resolution 
allowed, to optimally detect the phase disturbances. Lastly, the automated detection 
tool needs to be further developed. The used algorithm was based on template 
matching using correlation coefficients. In the first set-up, the characteristic six-
lobed patterns surrounding ten microcalcifications were included. The expansion 
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of this training set will improve its functioning. The tool will be essential for clinical 
applicability since manual analysis of the phase derivative maps is difficult and time 
consuming. 

Current developments in breast cancer imaging 
Since breast cancer is the most frequent occurring malignancy in women worldwide33, 
many researchers focus on the improvement and development of breast imaging 
techniques. Not only in the field of MRI, but also in mammography, ultrasound, and 
nuclear medicine, imaging techniques are under investigation.34;35 Three techniques 
will be briefly discussed. 
Mammography is the main breast cancer screening tool for the general population.36 
The recent transition from film screen mammography to full-field digital 
mammography (FFDM) allowed for the development of digital breast tomosynthesis 
(DBT).37 With DBT a low-dose x-ray dataset of the compressed breast is obtained 
over a limited arc angle. Mathematical reconstructions result in a series of sections 
for radiological evaluation. Because of the acquisition of thin sections, lesions that 
were historically masked by overlying tissue can be more easily distinguished. 
This facilitates lesion detection in patients with dense breast parenchyma. The 
first large trials that are recently presented showed that DBT improves the cancer 
detection rate and reduces recall rates in the screening setting, when added to 
mammography.38-42 Drawbacks of DBT are the higher costs and the significantly 
increased radiologist reading time compared to mammography. However, the 
promising results of the first large patient trials in the screening setting, and similar 
radiation dose as FFDM43, lead to the impression that DBT is likely to obtain a place 
in the screening setting, and possibly in the diagnostic setting.  
Breast ultrasound is a well established technique for the detection and 
characterization of breast lesions, as well as for image-guidance of breast biopsies. 
The low specificity, high inter-operator variability and poor reproducibility are its 
main limitations. One of the advances in breast ultrasound to overcome these 
limitations is the technique of automated breast ultrasound (ABUS). With ABUS 
multiple planes are combined to a volumetric image with which the whole breast can 
be investigated. Patient studies comparing ABUS with hand-held ultrasound (HHU) 
reported advantageous results for ABUS as it is less dependent on the examiners, has 
excellent reproducibility, and can determine the location of a lesion more accurate 
by obtaining images of the whole breast.44-47 The diagnostic performance to detect 
breast cancer is shown to be comparable to HHU.48 The technique is expected to 
increase cancer detection in women with dense breast in the screening setting when 
added to mammography.49;50  
A recent development in the area of molecular imaging is, among others, the technique 
of breast-specific gamma imaging (BSGI). BSGI makes use of carrier molecules that 
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are chosen for their ability to become incorporated into functional cells though 
existing physiologic pathways. In BSGI sestamibi is used as the carrier molecule 
that is taken up by cytoplasmatic mitochondria. The density of the mitochondria is 
an indication of cellular proliferation. A benefit of the technique is that the density 
of the breast parenchyma does not interfere with image acquisition. Furthermore, 
it has shown potential for early detection of cancer even before neovascularization 
takes place, for the detection of DCIS, and for the detection of additional disease in 
breast cancer patients that have contra-indications for MRI. Limitations are the poor 
spatial resolution, the many false-positives caused by proliferative lesions, and most 
important the radiation dose. In the end, at this point BSGI has not found a place in 
clinical practice. 
Each of these three techniques has its own potential clinical niche, one more likely to 
be introduced in clinical practice than the other. Breast MRI has an established role 
in the imaging of breast cancer, and unlike the described techniques above, offers 
a combination of 1) excellent soft-tissue contrast, 2) the possibility to obtain full 
three-dimensional datasets with a high spatial resolution, 3) the ability to capture 
dynamic physiology, and 4) the ability to obtain metabolic information. Breast MRI 
is an evolving technique for which new imaging techniques are being developed and 
investigated to improve specificity, such as diffusion weighted imaging (DWI) and 
MRS.15;35 7T breast MRI may attribute to a higher specificity with the possibility to 
image with an ultra-high spatial resolution, the possibility to use 31P MRS to obtain 
metabolic information, and by the potential to visualize calcifications. Also, following 
the trend towards less invasive cancer therapies the high sensitivity of MRI to detect 
multicentric- and multifocal disease is pivotal for patient selection. Especially when 
a part of the breast is left untreated, for instance when breast conserving surgery is 
combined with partial breast radiation. Likewise, with the introduction of minimal 
invasive therapies such as radio-frequent tumor ablation (RFA) or high-intensity 
focused ultrasound (HIFU), stringent patient selection and follow-up will have 
to take place because pathological evaluation of margins is impossible.15 7T MRI 
may aid in the establishment of a personalized treatment strategy by using ultra-
high spatial and temporal resolution imaging to determine the tumor’s phenotype 
accurately. Additionally, increasing therapies potentially make use of MRI guidance, 
such as HIFU and radiotherapy51;52, for which similar patient position and image 
contrasts facilitates patient selection, treatment planning and follow-up evaluation. 

Conclusion
In this thesis the fundaments for clinical breast MRI at 7T are described. The 
feasibility of 7T DCE breast MRI in breast cancer is established, with a good image 
quality. Most important the detection of malignant breast lesions at 7T is shown to 
be equal to the high sensitivity detection at 3T MRI, despite of the hardware used at 
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7T that still may be improved substantially. In the evaluation of 31P MRSI in healthy 
volunteers no significant variation on group level is found in metabolic ratio results 
due to the menstrual cycle. Lastly, preliminary results obtained in an ex-vivo setting 
show the feasibility of the visualization of calcifications with 7T MRI.
After optimizing the DCE bilateral breast MRI protocol to include both T1w and 
T2w imaging, dedicated patient studies can be performed to assess the added value 
of the described techniques in specific patient groups. For instance in patients 
receiving neoadjuvant chemotherapy to monitor treatment response using 31P MRSI. 
Or, in patients with breast lesions to investigate 31P MRSI to improve the specificity 
of conventional breast MRI. Or even in patients with suspicious microcalfications 
to investigate the potential of calcification visualization for an improved DCIS 
detection and characterization.
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Samenvatting en discussie



‘Magnetic Resonance Imaging’ (MRI) van de borst is een modaliteit die steeds vaker 
in de klinische praktijk wordt gebruikt.1 De ultrahoge veldsterkte van 7 tesla (T) 
brengt mogelijkheden met zich mee om de diagnostische accuratesse te verbeteren, 
hoewel het ook uitdagingen oplevert. De validatie van een conventioneel borst-
MRI-scanprotocol is de eerste stap die genomen moet worden alvorens 7T-MRI voor 
specifieke toepassingen kan worden ingezet. Daarom is in het eerste deel van dit 
proefschrift de haalbaarheid onderzocht van de uitvoering van ‘Dynamic Contrast-
Enhanced’ (DCE) borst-MRI op de 7T-scanner. In het tweede deel hebben we ons 
gericht op verbeterde of nieuwe MRI-technieken die baat hebben bij de ultrahoge 
veldsterkte. De belangrijkste bevindingen van de studies worden hier samengevat 
en bediscussieerd.

7T-DCE-borst-MRI
Onze eerste ervaring met het uitvoeren van DCE-borst-MRI met het 7T-systeem bij 
een borstkankerpatiënt wordt beschreven in hoofdstuk 2. De verkregen resultaten 
werden direct vergeleken met 3T-MRI en histopathologie. De eerste uitkomsten 
lieten zien dat DCE-borst-MRI met het 7T-systeem technisch haalbaar is en dat 
de beelden geanalyseerd kunnen worden conform het BI-RADS-MRI-lexicon. 
Daarnaast werd een betere verhouding tussen aankleuring en ruis gemeten op 
7T-MRI vergeleken met 3T-MRI ondanks het afnemende T1-effect (relaxiviteit) 
van contrastmiddel bij hogere veldsterkten.2 Met de toepassing van voldoende 
T1-weging met daarbij behoud van de hoge signaal-ruisverhouding (SNR) werd 
aangetoond dat de aankleuring-ruisverhouding verbetert bij hogere veldsterkten.
Na deze veelbelovende eerste uitkomsten werd een patiëntstudie opgezet om 
de klinische haalbaarheid van 7T-borst-MRI te onderzoeken. Twintig patiënten 
met een verdachte borstafwijking werden gescand op het 7T-systeem (hoofdstuk 
3) en alle onderzoeken werden beoordeeld door twee radiologen (R1 en R2) op 
basis van het BI-RADS-MRI classificatiesysteem. Zij identificeerden alle negentien 
histopathologisch bewezen kwaadaardige afwijkingen en classificeerden deze 
als BI-RADS-MRI 4 of 5, d.w.z. een afwijking verdacht of zeer suggestief voor 
een kwaadaardigheid. Daarnaast werd het voordeel van beeldvorming met een 
ultrahoge resolutie geïllustreerd doordat de twee radiologen zekerder waren van hun 
classificatie in 88% (R1) en 58% (R2) van de gevallen in vergelijking met beeldvorming 
met een standaard resolutie. Voordat 7T-borst-MRI klinisch gebruikt kan worden is 
het een vereiste dat de resultaten tenminste gelijk zijn aan de resultaten die worden 
verkregen met de huidige klinische standaard van MRI-onderzoeken. Daarom 
werd een intra-individueel vergelijkende patiëntenstudie opgezet waarvan de 
resultaten worden beschreven in hoofdstuk 4. Twintig patiënten met een verdachte 
borstafwijking werden onderzocht op zowel een 7T- als 3T-MRI-scanner. De scans 
werden wederom beoordeeld door twee radiologen (R1 en R2). Deze radiologen 
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identificeerden beiden tien van de elf histopathologisch bewezen kwaadaardige 
afwijkingen op beide veldsterktes. De beeldkwaliteit van de dynamische serie 
werd in het algemeen goed bevonden voor 7T-MRI en uitstekend (R1) en goed (R2) 
voor 3T-MRI. R1 beoordeelde de dynamische 3T-scans als significant beter qua 
beeldkwaliteit, terwijl R2 de kwaliteit niet als significant verschillend beoordeelde. 
De gemeten groottes van de kwaadaardige afwijkingen waren niet significant 
verschillend bij beide veldsterktes en beoordelaars. 
Vanwege de nieuwheid van het gebruik van 7T-MRI voor het afbeelden van 
lichaamsdelen moest voor elke nieuwe toepassing een spoel worden gebouwd. 
De eerste spoel die beschikbaar was voor 7T-borst-MRI was een unilaterale 
spoel bestaande uit twee orthogonaal gepositioneerde elementen.3 Met deze 
spoel is de meerderheid van de patiënten afgebeeld die beschreven worden in 
dit proefschrift. De beelden toonden een verbetering ten opzichte van de eerste 
publicatie over 7T-DCE-borst-MRI, waarbij een enkele-loop-spoel werd gebruikt.4 
Die publicatie illustreert vooral de complexiteit van borst-MRI met een 7T-scanner. 
Bovendien werd slechts een matige beeldkwaliteit verkregen met de gebruikte 
loop-spoel. Tijdens de intra-individuele vergelijkende studie kwam een bilaterale 
spoel beschikbaar, bestaande uit twee elementen gepositioneerd in kwadratuur 
aan elke zijde. Het afbeelden van beide borsten en oksels is een vereiste voor 
klinische toepasbaarheid. De drie belangrijkste redenen zijn: 1) de screening van 
hoogrisico-vrouwen, 2) de mogelijkheid om parenchym-aankleuring tussen beide 
borsten te vergelijken wat de detectie van een abnormale aankleuring ondersteunt 
en 3) de detectie van contralaterale maligniteiten bij reeds gediagnosticeerde 
borstkankerpatiënten.5 Hoewel de nieuwe spoel aan de klinische behoeften van 
het bilateraal afbeelden voldoet is het ontwerp nog niet optimaal. Het toevoegen 
van een ontvangstspoelen-array zal een belangrijke vooruitgang zijn, niet alleen 
voor een optimale signaalreceptie, maar ook om opnameversnellingstechnieken 
(parallel imaging) mogelijk te maken. Deze versnelling is met name belangrijk voor 
de toepassing van een ultrahoge resolutie met een korte acquisitietijd. Onderzoek 
heeft aangetoond dat 7T-MRI-beeldvorming met een ultrahoge resolutie (0,6 
mm isotrope resolutie) een betere beeldkwaliteit oplevert dan beeldvorming met 
dezelfde resolutie op 3T-MRI.6 Daarnaast brengt de ultrahoge resolutie klinische 
potentie met zich mee omdat de beoordelaars meer overtuigd waren van hun 
oordeel, zoals beschreven in de haalbaarheidsstudie (voxelgrootte 0,45×0,57×0,45 
mm3) in hoofdstuk 3. Op dit moment is de acquisitietijd ongeveer tien minuten, 
wat sterk gereduceerd moet worden voordat het klinisch toepasbaar is. Dit geldt 
nog sterker als de sequentie wordt ingezet in een dynamisch protocol, waarbij met 
een ultrahoge spatiële resolutie anatomische informatie gecombineerd kan worden 
met fysiologische informatie. Om hierin te voorzien moet de acquisitietijd minder 
zijn dan twee minuten. De reductie in acquisitietijd kan worden bereikt door het 
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gebruik van parallel-imaging-technieken zoals ‘sensitivity encoding’ (SENSE). Deze 
techniek kan niet worden toegepast met het huidige spoelontwerp. Een andere 
mogelijkheid is om alternatieve k-ruimte-vullingstechnieken te gebruiken, zoals 
‘time-resolved angiography with interleaved stochastic trajectories sequence’, zoals 
beschreven door Pinker et al.7 De potentie van het gebruik van een borstspoel met 
een ontvangstspoelen-array is reeds aangetoond in een patiëntcasus.8

De beeldkwaliteit die werd verkregen met 7T-MRI werd over het algemeen als goed 
gewaardeerd, zowel in de haalbaarheidsstudie als in de intra-individueel vergelijkende 
studie. Er is echter nog ruimte voor verbetering. In de haalbaarheidsstudie werd 
één van de scans beoordeeld als onvoldoende door één van de beoordelaars. 
Daarnaast werd in de intra-individueel vergelijkende studie de beeldkwaliteit van 
de dynamische serie door één van de beoordelaars significant beter beoordeeld 
op 3T-MRI in vergelijking met 7T-MRI. Het is bekend dat 7T-MRI in vergelijking 
met lagere veldsterktes een grotere heterogeniteit van het statische magneetveld 
(B0) heeft, alsmede van het aangelegde RF-veld (B1+). Voor het verkrijgen van een 
zo homogeen mogelijk B0-veld werden er bij elk MRI-onderzoek shimtechnieken 
toegepast. Dit waren ‘volume shim’ met behulp van lineaire shimvelden, of ‘image-
based’ tweede- of derde-orde-functie shimvelden. Deze shimtechnieken kunnen 
worden verbeterd om de beeldkwaliteit te verbeteren. Eén van de beschreven 
nieuwe technieken is een dynamische B0-veldcontrole en correctie met behulp 
van lokale veldmetingen.9 Om een homogeen B1-veld te verkrijgen werden er 
sensitiviteit-geoptimaliseerde RF-spoelen gebruikt. Met behulp van deze spoelen 
kan de hogere gevoeligheid dicht bij de spoelelementen worden uitgewisseld met 
de saturatie van het signaal aldaar, terwijl minder signaalverzadiging toegepast 
kan worden op de plek waar de gevoeligheid lager is. Het gevolg hiervan is dat de 
relatieve T1-gevoeligheid redelijk homogeen is, wat wordt geïllustreerd in hoofdstuk 
2. Er kunnen mogelijk verbeteringen worden aangebracht door het toepassen van 
adiabatische RF-pulsen10 of door het toepassen van RF-pulsen ter compensatie van 
het lineair aflopende B1+-veld.11 Andere onderzoeken die 7T- en 3T-borst-MRI 
vergeleken - uitgevoerd met gezonde vrijwilligsters - toonden een vergelijkbare 
beeldkwaliteit voor T1-gewogen vet-onderdrukte bilaterale MRI-scans bij het 
gebruik van conventionele voxelgroottes op beide veldsterkten.6;12 In deze twee 
studies werd echter een andere vetsuppressietechniek gebruikt voor de 7T-scans, 
namelijk ‘spectrally selective adiabatic inversion recovery’ (SPAIR) in tegenstelling 
tot een binomiale RF-puls (pro-set). SPAIR is nog minder gevoelig voor B1+-
veldinhomogeniteit dan pro-set. Helaas is SPAIR niet compatibel met dynamische 
beeldvorming op 7T-MRI vanwege de beperkingen in ‘specific absorption rate’ 
(SAR). Andere vetonderdrukkende technieken, zoals een Dixon-methode, kunnen 
worden overwogen. De Dixon-techniek is ongevoelig voor zowel B0- als B1+-
veldinhomogeniteit en levert twee verschillende contrasten op bij één meting.13 
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Voor 3T-borst-MRI is aangetoond dat deze techniek mogelijk de homogeniteit van 
de vetonderdrukking verbetert, vooral in gebieden met een inhomogeen B0-veld.14 
Toekomstig onderzoek zal moeten uitwijzen wat de optimale vetonderdrukkende 
techniek is die gebruikt kan worden bij 7T-DCE-borst-MRI.
In de patiëntenstudies die in dit proefschrift beschreven worden is alleen T1-gewogen 
beeldvorming opgenomen. Deze vormt de basis voor het borst-MRI-protocol.15 De 
T1-gewogen gradiëntecho-sequenties worden relatief weinig beïnvloed door lokale 
fliphoekvariaties, terwijl T2-gewogen spinecho-sequenties hier zeer gevoelig voor 
zijn. Vanwege de inhomogeneiteit van het B1+-veld dat wordt gegenereerd door 
de spoel is het dan ook tot op heden niet haalbaar om conventionele spinecho-
sequenties uit te voeren. Aanvullende technieken, zoals hierboven beschreven, 
moeten worden toegepast voordat een volledig klinisch scanprotocol mogelijk is, 
waarin zowel T1-gewogen als T2-gewogen sequenties opgenomen zijn.16 De gelijke 
detectie van kwaadaardige afwijkingen in vergelijking met klinische 3T-MRI en de 
over het geheel goede beeldkwaliteit tonen potentie voor het klinische gebruik van 
7T-MRI. De beschreven mogelijkheden voor verbetering, zoals de integratie van 
een ontvangstspoelen-array, de implementatie van state-of-the-art shimtechnieken 
en op maat gemaakte sequenties, zijn allemaal vrijwel gereed voor implementatie. 
Daarmee is 7T-borst-MRI binnenkort klaar voor de dagelijkse praktijk. 

Verbeterde en nieuwe technieken voor de beeldvorming van 
borstkanker onderzocht met 7T-MRI 
Het tweede deel van dit proefschrift richt zich op verbeterde of nieuwe MRI-
technieken voor borstbeeldvorming die profiteren van de ultrahoge veldsterkte. 
Ten eerste is fosfor (31P) ‘Magnetic Resonance Spectroscopy’ (MRS) gebruikt voor 
het bestuderen van het celmembraanmetabolisme en de invloed van de menstruele 
cyclus op de gemeten metaboliet-ratio’s. Ten tweede is de waarde van conventionele 
3T-MRI onderzocht bij patiënten met verdacht microkalk op het mammogram. Er 
werd geconstateerd dat MRI de calcificaties zelf niet (goed) afbeeldt, wat leidde 
tot het onderzoek naar een nieuwe techniek om de calcificaties met 7T-MRI te 
visualiseren.

Magnetic Resonance Spectroscopy
MRS is een techniek die baat heeft bij de veldsterkte van 7T. De hogere SNR en 
grotere spectrale spreiding maakt de detectie van meerdere fosformetabolieten 
mogelijk.17;18 De schaarse patiëntresultaten die beschikbaar zijn op het gebied van 
7T-31P-MRS tonen aan dat de metabolieten in-vivo te meten zijn en te monitoren 
zijn bij patiënten die behandeld worden met neoadjuvante chemotherapie.17;19 
Om antwoord te geven op de vraag of de resultaten van 31P-Magnetic Resonance 
Spectroscopic Imaging (MRSI) worden beïnvloed door de menstruele cyclus zijn 
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zeven vrouwen met een regelmatige menstruele cyclus elk vier maal gemeten 
tijdens één cyclus. In hoofdstuk 5 wordt beschreven dat 31P-MRSI-onderzoek op elk 
moment van de cyclus kan worden uitgevoerd, zonder dat de fosformetaboliet-ratio’s 
er significant door worden beïnvloed. Op individuele basis werden wel variaties in 
de metaboliet-ratio’s waargenomen. Deze variaties worden toegeschreven aan de 
onzekerheid van de meetmethode. Het is echter onduidelijk in hoeverre de variatie 
kan worden toegeschreven aan de meetprecisie omdat er weinig gegevens over 
de reproduceerbaarheid van 31P-MRS-metingen van de borst beschikbaar zijn. De 
enige beschikbare gegevens, verkregen door het meten van vier vrijwilligers op 
verschillende dagen, suggereren een verschil van 6% van het totale fosfaatsignaal.20 
De effecten op de metabolietratio’s zijn in dat onderzoek niet beschreven. De exacte 
precisie van de methode moet dan ook nog worden bepaald. 
Zoals hierboven beschreven is de huidige primaire klinische toepassing van 
31P-MRS de monitoring van patiënten die behandeld worden met neoadjuvante 
chemotherapie. In deze patiëntengroep, in vergelijking met onze vrijwilligerstudie, is 
een hogere SNR te verwachten vanwege de hogere concentratie van de metabolieten. 
Bij borstkanker is er een toename van het fosfolipidemembraan-anabolisme.20 In 
kwaadaardige afwijkingen zijn PME-signalen gemeten die ongeveer drie keer zo 
hoog waren als die van goedaardige afwijkingen.21;22 Om enige variabiliteit van de 
meting te excluderen is het mogelijk om voxels met tumorweefsel intra-individueel 
te vergelijken met voxels met gezond weefsel in de contralaterale borst. Dit kan 
dienen als een intra-individuele referentiemaat. In dat geval is een bilaterale set-up 
een vereiste. 
Kortom, 7T-31P-MRS van de borst is een veelbelovende techniek om het 
weefselmetabolisme op een niet-invasieve manier te meten. De metingen kunnen 
worden uitgevoerd zonder significant beïnvloed te worden door de menstruele 
cyclus. Verdere patiëntstudies zijn nodig om de waarde van de techniek vast te 
stellen, zowel bij de monitoring van borstkanker tijdens therapie als bij de eventuele 
karakterisering van borstafwijkingen. 

Magnetische susceptibiliteit
Ductaal carcinoma in situ (DCIS) presenteert zich in tot 79% van de gevallen 
met microcalcificaties op het mammogram.23;24 Microcalcificaties worden echter 
ook vaak geassocieerd met goedaardige of hoogrisico-laesies in plaats van met 
een maligniteit.25,26 Daarom is een zorgvuldige evaluatie van de mammografisch 
gedetecteerde microcalcificaties essentieel. De waarde van MRI met een lage 
veldsterkte is bij deze patiëntengroep onderzocht en liet een sensitiviteit voor 
DCIS-detectie zien variërend van 45% tot 87% en een specificiteit variërend van 
68% tot 100%.27-30 Dit is onder andere te wijten aan de moeilijke differentiatie 
tussen aankleuring enerzijds van gezond parenchym en goedaardige laesies en 
anderzijds door de aanwezigheid van DCIS.31 In de huidige praktijk wordt borst-
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MRI uitgevoerd met een veldsterkte van 3T waarbij voorlopige resultaten aantonen 
dat het een verbeterde detectie en karakterisering van borstafwijkingen met 
zich meebrengt.32 In hoofdstuk 6 wordt de toegevoegde waarde van 3T-MRI 
bij patiënten met verdachte microcalcificaties op mammografie onderzocht. In 
totaal 123 patiënten met microcalcificaties op het mammogram met BI-RADS-
classificatie 3-5 ondergingen beeldvorming met 3T-MRI. Twee waarnemers (R1 en 
R2) detecteerden in deze patiëntengroep alle invasieve tumoren op MRI (n=12), en 
respectievelijk 79% (R1) en 86% (R2) van de pure DCIS-laesies (n=28). Multivariate 
analyse toonde aan dat 3T-borst-MRI toegevoegd aan conventionele beeldvorming 
(mammografie en echografie) meerwaarde heeft, gezien de significant grotere AUC. 
Echter, ondanks het positieve resultaat is MRI onvoldoende in staat om DCIS-laesies 
van alle graderingen uit te sluiten. De diagnostische nauwkeurigheid van MRI kan 
mogelijk worden verbeterd wanneer de detectie en morfologische karakterisering 
van microcalcificaties mogelijk is. Daarom is een nieuwe techniek onderzocht die 
gevoelig is voor de veldverstoringen die de calcificaties induceren. In hoofdstuk 7 
wordt beschreven hoe met deze techniek werd gepoogd om de microcalcificaties 
zichtbaar te maken met MRI. Ex-vivo-mastectomiepreparaten werden onderworpen 
aan gradiëntecho-sequenties waarvan de fase-afgeleide werd onderzocht. In deze 
beelden werd naar een specifiek patroon gezocht dat het mogelijk maakt microkalk 
te onderscheiden van andere veldverstorende materialen. Daarnaast werden de 
eerste stappen naar een geautomatiseerde detectie gepresenteerd met behulp van 
‘template matching’. De beschreven eerste resultaten tonen de haalbaarheid van de 
techniek in ex-vivo-weefsel. De grootste uitdaging bij de vertaalslag naar een in-vivo-
situatie zal zijn om bewegingsartefacten en susceptibiliteitartefacten te overwinnen 
die ontstaan door lucht in de longen, de hartslag en de ademhalingsbeweging. 
Breath-holdtechnieken en dynamische shimtechnieken kunnen helpen om B0-veld-
verstoringen te voorkomen en te corrigeren.9 Ten tweede is de huidige acquisitietijd 
te lang voor klinische implementatie. Om de acquisitietijd te verkorten zou parallel 
imaging toegepast kunnen worden indien een set-up met een ontvangstspoelen-
array wordt gebruikt. Uiteindelijk blijven echotijden tot 20 ms nodig met de hoogst 
haalbare spatiële resolutie om faseverstoringen optimaal te detecteren. Ten 
slotte moet de automatische detectie verder worden ontwikkeld. Het gebruikte 
algoritme is, zoals hierboven beschreven, gebaseerd op ‘template matching’. In de 
eerste set-up is het karakteristieke zes-lobbige patroon van tien microcalcificaties 
opgenomen. Een uitbreiding van deze training set zal de werking ervan verbeteren. 
De automatische detectie is essentieel voor de klinische toepassing omdat een 
handmatige analyse van de fase-afgeleide moeilijk en tijdrovend is.
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Actuele ontwikkelingen op het gebied van beeldvorming van 
borstkanker
Veel onderzoek naar de verbetering en ontwikkeling van beeldvormende technieken 
richt zich op borstkanker aangezien het wereldwijd de meest voorkomende 
maligniteit bij vrouwen is.33 Niet alleen op het gebied van MRI maar ook op het gebied 
van mammografie, echografie en nucleaire geneeskunde worden er verbeterde of 
nieuwe technieken onderzocht.34,35 Drie technieken zullen kort worden besproken.
Mammografie is de belangrijkste techniek voor het screenen op borstkanker in de 
algemene populatie.36 De recente overgang van autologe naar ‘Full-Field Digital 
Mammography’ (FFDM) heeft de mogelijkheid gecreëerd voor de ontwikkeling van 
‘Digital Breast Tomosynthesis’ (DBT).37 Bij DBT wordt een dataset gegenereerd met 
een lage dosis röntgenstraling waarbij de gecomprimeerde borst wordt afgebeeld 
terwijl de röntgenbuis over een beperkt boogtraject wordt verplaatst. Wiskundige 
reconstructies resulteren in een reeks beelden voor radiologische evaluatie. Door de 
dunne secties kunnen afwijkingen die eerder werden gemaskeerd door overliggend 
weefsel makkelijker worden onderscheiden. Dit vergemakkelijkt de detectie van 
afwijkingen bij patiënten met zeer dicht (dens) klierweefsel. De eerste grote, recent 
gepresenteerde studies tonen aan dat DBT, wanneer toegevoegd aan mammografie, 
de borstkankerdetectie verbetert in de screeningsetting terwijl het aantal patiënten 
dat wordt teruggeroepen afneemt.38-42 Nadelen van DBT zijn de hogere kosten 
en de significant toegenomen radiologische beoordelingstijd in vergelijking met 
mammografie. De veelbelovende resultaten van de eerste grote patiëntstudies in 
de screeningsetting en een stralingsdosis gelijk aan FFDM43 doen vermoeden dat 
DBT waarschijnlijk een plaats zal krijgen in de screeningsetting en mogelijk ook in 
de diagnostische setting.
Echografie van de borst is een gevestigde techniek voor de detectie en de 
karakterisering van borstafwijkingen alsook voor het uitvoeren van borstbiopsieën. 
De voornaamste beperkingen van de techniek zijn de lage specificiteit, hoge inter-
operatorvariabiliteit en slechte reproduceerbaarheid. Eén van de ontwikkelingen op 
het gebied van de echografie van de borst om deze beperkingen te overwinnen is 
‘Automated Breast Ultrasound’ (ABUS). Met ABUS worden meerdere beeldvlakken 
gecombineerd om een   volumetrisch beeld van de gehele borst te verkrijgen. 
Patiëntstudies waarin ABUS met ‘Hand-Held Ultrasound’ (HHU) werd vergeleken 
melden gunstige resultaten voor ABUS, zoals: minder afhankelijkheid van de 
uitvoerder, een uitstekende reproduceerbaarheid en de mogelijkheid om de 
locatie van de afwijking nauwkeuriger te bepalen door het verkrijgen van beelden 
van de gehele borst.44-47 De diagnostische kwaliteit van ABUS om borstkanker te 
detecteren is gelijk gebleken aan HHU.48 Van de techniek wordt verwacht dat het de 
opsporing van borstkanker bij vrouwen met dens klierweefsel in de screeningsetting 
kan verbeteren wanneer het wordt toegevoegd aan mammografie.49;50
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Een recente ontwikkeling op het gebied van moleculaire beeldvorming is ‘Breast-
Specific Gamma Imaging’ (BSGI). BSGI maakt gebruik van dragermoleculen die 
worden opgenomen in functionele cellen via bestaande fysiologische wegen. Bij 
BSGI wordt sestamibi gebruikt als dragermolecuul dat wordt opgenomen door 
mitochondriën in het cytoplasma. De dichtheid van de mitochondriën is een indicatie 
voor cellulaire proliferatie. Een voordeel van deze techniek is dat de dichtheid 
van het klierweefsel niet stoort bij de acquisitie. Daarnaast is aangetoond dat de 
techniek potentie heeft om in een vroeg stadium kanker te detecteren (nog voordat 
neovascularisatie plaatsvindt), om DCIS te detecteren, en om additionele ziekten 
te detecteren bij borstkankerpatiënten met contra-indicaties voor het ondergaan 
van een MRI-onderzoek. Beperkingen van de techniek zijn de slechte spatiële 
resolutie, de vele vals positieve uitslagen die worden veroorzaakt door proliferatieve 
afwijkingen en als belangrijkste de stralingsdosis. Al met al heeft BSGI tot op heden 
nog geen plek gevonden in de klinische praktijk.
Elk van deze drie technieken heeft zijn eigen potentiële klinische niche, waarbij de 
ene meer kans heeft een plek in de klinische praktijk te veroveren dan de andere. MRI 
heeft een reeds gevestigde rol in de beeldvorming van borstkanker en, in tegenstelling 
tot de andere beschreven technieken, biedt het een combinatie van: 1) uitstekend 
wekedelencontrast, 2) de mogelijkheid om volledige 3D-datasets te verkrijgen met 
een hoge spatiële resolutie, 3) de mogelijkheid om fysiologische processen dynamisch 
af te beelden en 4) de mogelijkheid om metabole informatie te verkrijgen. Borst-
MRI is een techniek in ontwikkeling waarvoor nieuwe beeldvormende technieken 
worden onderzocht en ontwikkeld om de specificiteit te verbeteren, zoals ‘Diffusion 
Weighted Imaging’ (DWI) en MRS.15;35 7T-borst-MRI kan bijdragen aan een hogere 
specificiteit doordat beelden met een ultrahoge spatiële resolutie verkregen kunnen 
worden. Daarnaast biedt 7T-borst-MRI de mogelijkheid van 31P-MRS ter verkrijging 
van metabole informatie en is er de potentie om microcalcificaties te visualiseren. 
Gelet op de trend naar minder invasieve kankertherapieën is bovendien de hoge 
sensitiviteit van MRI om multicentrische- en multifocale ziekte te detecteren van 
cruciaal belang voor de patiëntselectie. Dit is met name van belang als een deel 
van de borst onbehandeld zal blijven, zoals in het geval van een borstsparende 
operatie in combinatie met gedeeltelijke bestraling van de borst. Daarnaast zal, met 
de introductie van minimaal invasieve therapieën zoals RF-tumorablatie (RFA) of 
‘High-Intensity Focused Ultrasound’ (HIFU), een strenge selectie van patiënten en 
strenge follow-up moeten plaatsvinden omdat een pathologische evaluatie van een 
resectiepreparaat bij deze behandelopties onmogelijk is.15 7T-MRI kan helpen bij 
het   bepalen van een gepersonaliseerde behandelstrategie door met beeldvorming 
met een ultra-hoge spatiële en temporele resolutie het fenotype van de tumor 
nauwkeurig te bepalen. Bovendien maakt een toenemend aantal therapieën 
gebruikt van MRI-geleide behandelingen zoals HIFU en radiotherapie51,52, waarbij 
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een vergelijkbare positionering van de patiënt en vergelijkbare beeldcontrasten het 
makkelijker maken om patiënten te selecteren, de behandeling te plannen en ook 
om follow-up-beelden te evalueren.

Conclusie
In dit proefschrift worden de fundamenten beschreven voor het klinische gebruik van 
7T-borst-MRI. De haalbaarheid van 7T-DCE-borst-MRI voor de beeldvorming van 
borstkanker werd aangetoond, waarbij een goede beeldkwaliteit werd verkregen. 
Er bleek een gelijke detectie van maligne borstafwijkingen te zijn met 7T-MRI in 
vergelijking met de momenteel klinisch gangbare 3T-MRI, hoewel de gebruikte 
hardware voor aanzienlijke verbetering vatbaar is. Bij de evaluatie van 31P-MRSI bij 
gezonde vrijwilligers gedurende de menstruele cyclus zijn geen significante variaties 
in metabolietratio’s op groepsniveau gevonden. Ten slotte zijn de eerste ex-vivo-
resultaten gepresenteerd die de haalbaarheid aantonen van microkalkvisualisatie 
met 7T-MRI. 
Na optimalisatie van het bilaterale DCE-borst-MRI-protocol, om zowel T1-gewogen 
als T2-gewogen sequenties te bevatten, kunnen patiëntstudies worden opgezet 
toegespitst op het onderzoeken van de toegevoegde waarde van de beschreven 
technieken bij specifieke patiëntengroepen. Dit kan bijvoorbeeld bij patiënten die 
neoadjuvante chemotherapie ondergaan voor het monitoren van de therapierespons 
met behulp van 31P-MRSI. Ook kan bij patiënten met een borstafwijking worden 
onderzocht of 31P-MRSI de specificiteit van conventionele MR-beeldvorming kan 
verbeteren. Bij patiënten met verdachte microcalficaties kan de toepassing van 
calcificatievisualisatie in-vivo worden onderzocht voor een mogelijke verbetering 
van DCIS-detectie en -typering.
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