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Chapter 1.1

Breast Cancer 

Breast cancer is the most common form of cancer in women worldwide.1 Since 
1997, all women aged 50-75 years are being screened for breast cancer in the 
Netherlands.2 Breast cancer is detected by screenings mammography in often 
early stages; stage T1, i.e. a tumor size smaller than 2 cm. This is one of the 
factors which has caused breast cancer mortality to decline significantly, by 
approximately 20%.3,4  

However, even though breast cancer is diagnosed in earlier stages, screenings 
mammography does not always detect very early stage breast cancer, such 
as ductal carcinoma in situ and especially breast cancers in dense breasts are 
sometimes overlooked.5-7 

MRI is a relatively new, non-invasive, expensive and less painful method 
for detecting breast cancer. Due to the high costs, MRI screening is only cost-
effective in high-risk patients who have a greater than 20% lifetime risk of 
breast cancer.8 MRI can however, more easily than mammography, assess the 
tumor morphology and extent in three dimensions, including in patients with 
dense breast parenchyma.9-12 Even though the sensitivity of breast MRI is high, 
90%, the specificity is quite low, 72%.12 Ultra-high field 7Tesla (T) MRI is a new 
diagnostic tool. The stronger magnet as compared to the current, clinically 
applied, MR systems allows for a higher spatial resolution and for a greater 
depiction of detail. Therefore, smaller tumors can potentially be detected than 
are routinely detected on the current lower field MR systems. 

Lymph nodes

The success of screening programs for breast cancer lies in their ability to detect 
cancer at an early stage. Consequently, more patients are being diagnosed 
with an early stage breast cancer; small size breast tumors and before it has 
spread to lymph nodes or metastasized to distant sites.4 Since for breast cancer 
patients axillary lymph node status is an important prognostic factor, even 
patients with early stage breast cancer, with a tumor size smaller than 2 cm, 
with less than 50% chance of having lymph node metastases13, need to have at 
least the sentinel lymph node excised in order to determine the nodal stage of 
the disease.14,15 At present, assessment of nodal status is most often performed 
by surgical sentinel lymph node biopsy (SLNB). SLNB allows focal excision and 
examination of selected lymph nodes to which the breast cancer is most likely 
to spread to first. A negative tumor status of the sentinel lymph node(s) (SLN) 
is thus considered to be representative for all axillary nodes. Only if the SLN 
is positive, the SLNB is followed by an axillary lymph node dissection (ALND), 
thereby excising all level 1 and 2 lymph nodes.16 Both ALND and SLNB, although 
SLNB less frequently, cause morbidity, such as numbness and lymph edema 
(in 10%-20% of patients receiving an ALND) and require a hospital stay.17,18 
A SLNB procedure can be performed by either using a radionuclide tracer for 
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lymphoscintigraphy, by injecting blue dye in the affected breast pre-operatively 
or, most often, by combining both techniques. The radionuclide tracer is either 
injected peri-tumorally, intra-tumorally or subcutaneously several hours before 
the operation. The uptake of the tracer is followed and imaged by the nuclear 
physician. The SLNs are detected per-operatively by measuring the radioactivity 
count rate with a hand-held gamma probe.19 Any radioactive node, indicated 
by lymphoscintigraphy to be a SLN, is excised. In the University Medical Centre 
Utrecht 4 hours (range 3-5 hours) prior to surgery, 120 MBq technetium-99m 
nanocolloid (Nanocoll; Amersham Cygne, Eindhoven, the Netherlands) in a 
maximum volume of 0.5 ml is injected in four quadrants peri-tumorally. Patients 
are asked to massage their breast to improve lymphatic drainage. Lateral and 
anterior scintigraphic imaging (figure 1) is commenced 15 minutes following the 
injection and is repeated after 1 and 2 hours. 

Figure 1. Anterior (A) and lateral (B) scintigraphic imaging, in a 59 year-old female patient with breast 
cancer, 2 hours after injection of technetium-99m nanocolloid. The largest spot is the injection site 
of technetium-99m nanocolloid. The nanocolloid was injected peri-tumorally in the breast. The lateral 
image also depicts two axillary lymph nodes (arrows) which have accumulated the nanocolloid. 
These nodes are sentinel lymph nodes, as they are assumed to also be the first nodes to accumulate 
metastases.

If no SLN is visualized, the patient is given another injection of technetium-99m 
nanocolloid, and additional imaging is performed 1-2 hours after the second 
injection. The location of the visualized SLN is marked on the skin. The SLN 
is identified by a surgeon and a nuclear physician by detecting radioactivity 
with a gamma probe and subsequently the SLN is dissected. The sensitivity of 
a SLNB procedure for the identification of the SLN is up to 99%.20 Of course, not 
all removed SLNs contain metastases. Moreover, the removal of more axillary 
nodes in addition to the SLN is becoming controversial, as it has no effect on 

A B
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survival.21 Non-invasive, imaging-based, staging would likely be preferred, if 
such a procedure was equally accurate. 

Non-invasive, imaging-based staging with ultrasound, CT or PET-CT is 
not yet accurate enough in the detection of axillary nodal metastases.19;22-27 
Evaluation of axillary nodal status using conventional MRI techniques has 
also proven to be insufficient. It has focused mainly on morphological criteria, 
such as size, homogeneity of nodal signal intensity, contour assessment, or 
on contrast enhancement kinetics.28-32 These studies have been carried out at 
low field strengths. Diffusion weighted MRI (DWI) has shown promise in the 
detection of lymph nodes, but so far also cannot accurately discriminate benign 
from malignant nodes.33,34 With the use of ultra-small particles of iron oxide 
(USPIOs), MRI has shown to be able to assess axillary nodal status in vivo with a 
high positive and negative predictive value.35 However, this contrast agent has 
not been approved for clinical application yet, and identification of metastatic 
lymph nodes, based solely on morphological criteria, remains challenging.27;32;36 
In this thesis, the value of a non-invasive staging method of breast cancer 
patients by MRI at high field strengths of 3T and 7T has been investigated.

Ultra-high field MRI

The studies in this thesis have been performed at high field; 3T or 7T, the latter 
is not yet used for standard clinical patient care. High field MRI was chosen as it 
offers important advantages for oncological practice. Because of the high field 
strength, especially with 7T MRI, new opportunities have arisen for the imaging 
of cancer. The newly acquired ultra-high resolution facilitates the possibility 
of detailed anatomical imaging. Also, molecular processes can be made 
visible in greater detail, which allows structured imaging of the metabolism 
of a malignant process. Ultra-high field MRI has the potential of performing 
quantitative molecular imaging and personalized assessment of cancer 
patients and could play a part in the early diagnosis, tumor characterization 
and therapy monitoring of malignant lesions. The advantages and progress in 
cancer imaging of 7T MRI are more extensively outlined in the article ”7Tesla 
MRI: new possibilities for diagnostic and therapeutic monitoring of cancer” 
presented in the following pages.

Aim of this thesis

The aim of this thesis was to define nodal characteristics at high field MRI, 
in order to subsequently discriminate benign from metastatic nodes, non-
invasively, in breast cancer patients, with the ultimate goal of a one-stop MR 
staging tool, to determine the nodal and tumor stage of breast cancer patients. 
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Outline of this thesis

With the purpose of identifying metastatic nodes on MRI, first the characteristics 
of healthy nodes were defined ex vivo at 7T. This is described in chapter 2.1. 
Subsequently, metastatic and non-metastatic nodes of breast cancer patients 
were characterized ex vivo at 7T MRI, including proton MR spectroscopy and 
the determination of magnetization transfer effects. This work is presented in 
chapters 2.2-2.4. 

Since pathology is the reference standard, the interpretation of MR images 
needs to be validated with histopathology. Therefore, considerable amount of 
time was spent in achieving good correlation of MR images with histopathology 
slices. This is described in chapter 3.

For imaging of the primary breast tumor, a breast imaging protocol was 
developed and applied to breast cancer patients at 7T.  In chapter 4 the results 
are presented.

As morphologically nodes are difficult to discriminate, contrast-enhanced 
images were also acquired at 3T. Gadofosveset was used as contrast agent, 
since it has shown potential for lymph node imaging.37,38 The goal of this study, 
presented in chapter 5, was to assess the feasibility of axillary nodal staging in 
breast cancer patients using gadofosveset-enhanced MRI, with pathology as 
reference standard. 

These studies are discussed and summarized in chapters 6 and 7 respectively, 
concluding this thesis.
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Abstract

Ultra-high field 7Tesla (7T) MRI offers important advantages for oncological 
practice. Due to the high field strength, new opportunities have arisen for the 
imaging of cancer. The newly acquired ultra-high resolution facilitates the pos-
sibility of detailed anatomical imaging. Also molecular processes can now be 
visualized in greater detail. This allows structured imaging of the metabolism 
of a malignant process. The first in vivo results from patients with prostate- and 
breast cancer demonstrated that 7T imaging with high spatial and spectral re-
solution is indeed feasible. Additionally at high field strengths other scanning 
techniques can be applied than at lower field strengths. Such techniques can 
accurately detect calcifications in breast cancer, for example. 7T MRI has the 
potential of performing quantitative molecular imaging and personalized as-
sessment of cancer patients and will play a part in the early diagnosis, tumor 
characterization and therapy monitoring of malignant lesions.
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Introduction 

Detecting and characterizing cancer as early as possible, staging known ma-
lignancies or evaluating the effect of chemotherapy and radiotherapy with 
imaging techniques are important aspects of oncological diagnosis. “Mag-
netic resonance imaging” (MRI) is a non-invasive diagnostic technique much 
used in oncological clinical practice that can provide accurate anatomical and 
functional information on a tumor. MRI uses a magnetic field (the strength of 
which is expressed in Tesla) to make images of a patient. A 7Tesla (7T; ultra-high 
field) MRI scanner has recently been installed at the University Medical Centre 
in Utrecht, used for, amongst other things, diagnosing cancer. The high field 
strength has made new possibilities available, such as ultra-high resolution 
for anatomical imaging and phosphorus spectroscopy for functional imaging. 
This article describes the new possibilities of 7T MRI in diagnosing cancer.

MRI history

MRI is based on the physical phenomenon of nuclear magnetic resonance 
(NMR), discovered in the 1930s. In the early years, this technique was used 
mainly to unravel the composition of substances on the basis of the NMR spec-
trum. This application of NMR is called magnetic resonance spectroscopy (MRS) 
and is still in use. Medical applications of NMR were first reported in 1970. It was 
discovered that the NMR parameter “T1” (see paragraph “MRI technology”) for 
tumor tissue differed from the T1 of healthy tissue. The first patent in the NMR 
diagnosis area was subsequently awarded to Raymond Damadian in 1974: “Ap-
paratus and method for detecting cancer in tissue”. Paul Lauterbur was similarly 
the first to report, in the early 1970s, that the NMR signal can be localized in 
space by applying gradients (small local magnetic fields) in the main magnetic 
field and can therefore generate images of a body part. Together with Peter 
Mansfield, he laid the foundations for present-day medical-diagnostic imaging 
by MRI. They were awarded the Nobel Prize for Medicine for this in 2003.

MRI technology

Imaging by means of present-day clinically applied MRI is based on magnetic 
nuclear spin resonance. Hydrogen nuclei in the body are charged and rotate. 
They thereby act as small magnetic dipoles (an object with 2 opposite ends; 
a North and South Pole). In an externally applied magnetic field these dipoles 
rotate not only round their own axis (“spin”) but also round the external field 
(“precession”). By emitting temporary radio waves, at a frequency equal to the 
precession speed of the dipoles, the “spins” can be knocked off balance (excita-
tion). Immediately after the radio wave has disappeared, the spins will return 
(relaxation) to equilibrium, which is accompanied by the emission of a radio 
frequency signal (magnetic resonance signal). This relaxation is characterized 
by two MRI parameters, the longitudinal relaxation time T1 and the transverse 
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relaxation time T2. Spins of hydrogen nuclei of each kind of molecule (e.g. fat 
molecule and water molecule) have their own precession speed and moreover, 
depending on their environment, have their own relaxation behavior. MRI can 
make distinctions in tissue composition on the basis of differences in these re-
laxation times, differences in the concentration of hydrogen nuclei and on the 
basis of minor differences in the precession frequency of the hydrogen nuclei in 
the various molecules, and thereby distinguish e.g. water from fat. By amongst 
other things alternating the strength, duration and time of the radio waves and 
by varying the point when the signal is read out, the image contrast between 
the various tissues can be enhanced or reduced. 

The quality of the information obtained by MRI depends on many factors. 
The strength of the magnetic field is a very important one. At the present time, 
MRI scanners in particular with a field strength of 1.5 or 3T are used in clinical 
practice. Some 25 clinical MRI scanners are at present in use worldwide with a 
high field strength of 7T (as against more than 30,000 MRI scanners with lower 
field strengths). Of these, 2 are situated in the Netherlands, namely at Leiden 
and Utrecht. The 7T MRI scanner magnet in Utrecht weighs 36 tons and is sur-
rounded by 440 tons of iron to screen the magnet from the outside world (and 
the outside world from the magnet). This new generation of 7T scanners is ex-
pected to be able to provide a more detailed picture of tissues and structures 
in the body than the present scanners with a lower field strength. At this point, 
the technical possibilities of the 7T MRI scanner are being examined in scientific 
projects before standard clinical patient care can be performed. 

Higher spatial resolution at 7T 

The strength of the MRI signal increases more or less linearly with the strength 
of the main magnetic field.1 This means that with higher field strengths, the 
body part to be examined produces a stronger magnetic signal after excitation 
in relation to the rest of the environment than at lower field strengths. This gain 
in signal-to-noise ratio is an important advantage. It can be used inter alia for 
looking at smaller voxel sizes (higher spatial resolution), so that more anatomic 
detail can be distinguished. Examples of this are shown in figures 1 and 2, where 
lymph vessels and the anatomical structure of lymph nodes are shown at 7T 
in very small detail.

2 
Figure 3 shows an example of the detailed reproduction 

of milk ducts in a breast. The higher spatial resolution has as potential benefit 
for oncological practice that smaller tumors and metastases can be more easily 
detected and that a better morphological characterization and delineation of 
tumors can be facilitated. Examples of the effective delineation of a tumor ap-
pear in figures 4 and 5. After applying a contrast agent, a malignancy enhances 
very strongly. This large dynamic range has the potential advantage that less 
contrast agent may possibly be needed to reveal the enhancement of malig-
nancies (figure 6). Before systematically examining the quantities of contrast 
agent required, first how 7T behaves in relation to 3T with regard to diagnostic 
accuracy in breast cancer is currently being investigated experimentally. 
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Figure 1. A, C and E are T1 weighted MR image with 180 µm isotropic resolution of ex vivo lymph nodes 
from an axillary lymph node dissection specimen. Here, the lymph nodes are surrounded by fatty tissue, 
lymph vessels and blood vessels. The fat is suppressed on this MRI sequence and is therefore black. B, 
D and F are the corresponding 4 µm pathology slices (1.5x magnification and Haematoxylin & Eosin 
stained). Efferent lymph vessels emerge from the concave side, from the centre of the lymph node (thin 
white and black arrows). Afferent lymph vessels carry lymph to the lymph node, towards the node’s 
convex side (thick white and black arrows). The lymph node also contains a number of capillaries. These 
blood vessels contain erythrocytes which, on account of the iron content, produce a susceptibility ef-
fect on the MR images and are consequently reproduced as black (triangles). An extrinsic marker, a 
cactus spine, was introduced for easy correlation of the MRI images to the pathology slices. The cactus 
spine has no signal on MRI (open arrows).
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Figure 2. Maximum intensity projection (slab of 2 slices) of a T1 weighted MR image with 180 µm isotro-
pic resolution of ex vivo lymph nodes from an axillary lymph node dissection specimen. Here, the lymph 
nodes are surrounded by fatty tissue, lymph vessels and blood vessels. The fat is suppressed on this 
MRI sequence and therefore has a low signal intensity, black, on these images. Efferent lymph vessels 
emerge from the concave side, from the centre of the lymph node (thin white arrows). Afferent lymph 
vessels carry lymph to the lymph node, towards the node’s convex side (thick white arrows). 

Figure 3. T1 weighted MR image (0.5 mm isotro-
pic resolution) with fat suppression of a 38-year-
old patient with stage T4 breast cancer (lobular 
carcinoma). The skin has thickened (white arrow). 
Dilated ducts are easily seen (black arrows) on 
this high resolution, maximum intensity projec-
tion (slab of three slices) with good fat suppres-
sion.3 

Figure 4. T1 weighted MRI scan (0.5mm isotropic resolution) with fat suppression of a 35-year-old pa-
tient with stage T4 breast cancer (ductal carcinoma). The skin has thickened (white open arrow). The 
tumor spiculations, extending partly to the skin, are easily seen (white arrows) on this high resolution 
scan with good fat suppression. B enlargement of the tumor shown in the rectangle of A.
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Figure 5. A) T1 weighted MR image (0.5 mm isotropic resolution) with fat suppression of a 33-year-old 
patient with stage T4 breast cancer (ductal carcinoma). Fat can be seen between the tumor and the 
chest muscle (white arrows) on this high resolution image with good fat suppression. On the basis of 
these images, it would seem less likely that the tumor has grown through into the chest muscle. Patho-
logical examination subsequently showed that the tumor had not grown into the muscle, in line with 
these images. B) Enlargement of the tumor, shown in the rectangle of A. Hydrogen spectra are shown 
in C and D for the tumor during treatment with neoadjuvant chemotherapy. The choline concentration 
fell from 4.2 millimolars (mM) to 0.8 mM. This is an indication that the tumor responded to therapy.

3

Higher spectral resolution at 7T

The frequency spectrum (of e.g. hydrogen nuclei) of a magnetic resonance sig-
nal in a voxel, a 3-dimensional pixel, reflects the local concentration of various 
substances in that voxel. The reproduction of this is called MRS. Hydrogen nu-
clei situated in various molecules (e.g. in creatine as against citrate), all have a 
different resonance frequency. MRS is particularly useful at high field strengths 
because on a high field the resonance frequencies of the various molecules in 
the spectrum are more widely separated, so that they can be more easily distin-
guished from each other (higher spectral resolution).

MRS can be used to trace processes at molecular level, such as the metabo-
lism in malignancies. The physiology of tissues can also be demonstrated. It is 
hoped that on the basis of molecular biomarkers, treatment of cancer can be 
followed in time or cancer can be detected at an early stage. Choline is the most 
commonly used biomarker at present in oncology. Because choline is involved 
in cell division, an enhanced concentration of choline is often measured in tu-
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mors. The quantity of choline moreover correlates with the likelihood of malig-
nancy (figure 5).4,5 Other commonly used biomarkers that can be determined 
with the aid of MRS are lactate, phospholipids, citrate and polyamines.6-12 With 
better characterization of the concentrations or ratio between these biomar-
kers, MRS should be able to play a role in the future in patients with cancer, as 
the effect of radiotherapy or chemotherapy can thereby be monitored.
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%
)

Dynamic sequences (No.)

Figure 6. Contrast-enhanced 7T MRI of a right breast of a 56-year-old woman who reported with a
density on the mammogram, which had been made as part of the Netherlands breast cancer screening 
program. The T1 weighted image (A) shows an irregular mass with a spiculated border. The post-con-
trast scan (B) shows strong, homogeneous enhancement of the mass. Analysis of the most malignant 
kinetic curve showed rapid enhancement during the early phase with a washout pattern in the late 
phase, typical of a “type 3” or “malignant curve”.
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Higher signal-to-noise ratio at 7T

In addition to the gain in smaller voxel size, the higher signal-to-noise ratio can 
also be used at MRS level. Phosphorus MRS can be applied as well as hydrogen 
MRS. Because of the much lower sensitivity of phosphorus compared with hydro-
gen MRS, often the signals from phosphorus barely rise above the noise at lower 
field strengths. Thanks to the increased sensitivity of high field strengths, these 
signals emerge well above the noise in this case. On 7T, more metabolites can 
therefore be distinguished within the cell division process and, for example, the 
energy metabolism linked to phosphorus can also be visualized. Administration 
of chemotherapy can induce changes in the energy metabolism in a tumor.13,14 
With 7T MRS, in accordance with FDG-PET, a relationship could therefore be 
made between energy metabolism and the effectiveness of chemotherapy or 
radiotherapy.14-16

The concentration of biomarkers that can be demonstrated with phospho-
rus MRS is in the order of millimolars. This implicates that the MRS voxel size can 
be reduced to approximately 1 cm³ at 7T. An example where determination of 
these metabolites clearly demonstrates tumor activity in prostate cancer ap-
pears in figure 7. 

Figure 7. Transverse T1 weighted non-fat-suppressed image of the prostate of a patient with prostate 
cancer (black arrow) made with a number of external coils and a special endo-rectal coil, allowing ho-
mogeneous, strong radio waves to be transmitted and received. A good signal can thereby be received 
from small quantities of molecules. As well as choline, citrate and creatine, hydrogen spectroscopy (left) 
also showed polyamines that cannot be visualized at lower field strengths because they produce too 
little signal and are difficult to differentiate from the choline and creatine signals. Phosphorus spec-
troscopy (right) shows the various phosphor metabolites such as phosphomonoesters and diesters, 
inorganic phosphate and phosphorus.
Choline (Cho), polyamines (poly), creatine (Cr), citrate (cit), phosphomonoesters (PME), inorganic phosp-
hate (Pi), phosphodiesters (PDE), phosphocreatine (PCr), adenosinetriphosphate (ATP)
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Future applications at 7T

A highly promising technology that offers many benefits at a high field strength 
is susceptibility weighted imaging. Every transition between different tissues 
produces a susceptibility effect. Susceptibility effect means the following. The 
magnetic field itself is influenced by the tissue and the extent of this depends 
on the direction of the field and also the composition of the tissue. On a tran-
sition between different tissues, the magnetic field can vary sharply in con-
sequence, so that the hydrogen nuclei are out of phase at that point, with a 
loss of signal. The susceptibility effect is greater at higher field strengths. For 
example, calcifications in the breast give rise to a susceptibility effect in respect 
of the surrounding glandular tissue. On 7T, this can be detected with the aid of 
susceptibility weighted MRI (SWI).17,18 This technique could be applied to de-
tecting micro-calcifications in e.g. ductal carcinoma in situ (DCIS). That is not 
easily done at present with MRI.19,20 There is a great variety of kinds and types of 
DCIS. Their morphology and the degree of angiogenesis and morphology dif-
fer, so that there is no uniform morphological or enhancing aspect on MRI. That 
is why there is a great spread of sensitivity and specificity with conventional 
MRI.21,22 The sensitivity and specificity of MRI for DCIS detection vary between 
20-95% and 67-90% respectively.19,20;23,24 Should DCIS indeed be detected, the 
extent is underestimated in some 24% of cases.25 Current MRI of the breast is 
based on the mechanism of contrast enhancement of the tumor, as the contrast 
material leaks locally from the blood vessels into the tumor interstitium as a re-
sult of incompletely newly formed vessels within the angiogenesis/neo-angio-
genesis framework, a process that occurs to a lesser extent, if at all, with benign 
and pre-malignant abnormalities.26 SWI does not use contrast administration 
and does not therefore depend on angiogenesis. In combination with the hi-
gher resolution and SWI, 7T is expected to be able to detect micro-calcifications 
and possibly also distinguish between various types of DCIS.

Challenges for 7T

A 7T MRI not only encounters many new possibilities but also many challen-
ges. The greater the field strength, the harder it is to achieve homogeneity in 
the strength of the main magnetic field and especially the local magnetic field 
in the area of the human body to be imaged. Transitions between e.g. tissue 
and air, in particular, produce a strong susceptibility effect, resulting in local 
disturbances of the magnetic field and consequently also distorted imaging. 
In addition, the wavelength of the radio wave is smaller than the human body. 
This results in standing waves, instead of uniform fields in the body, producing 
locally dependent influences of magnetization. The contrast and intensity of 
the MR images will consequently not be uniform. The result is wave patterns in 
the images. To solve this problem, coils are being developed that can transmit 
several radio waves within the body, to such an extent that the net field of the 
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radio waves is homogeneous. Strict guidelines, drawn up by the American Food 
and Drug Administration also apply to the quantity of energy that the body is 
permitted to receive from the radio waves emitted, to prevent the body heating 
up by more than 1 degree (specific absorption rate: SAR). The quantity of ener-
gy absorbed, the SAR, increases with the square of the frequency and heating 
up will therefore occur sooner at higher field strengths than at lower ones. To 
meet these tight guidelines, clever sequences must be developed upon which 
the body does not heat up more than it does at lower field strengths.

Side effects that may occur at all field strengths are generally of a transitory 
nature and occur especially on moving into and out of the magnetic field (diz-
ziness, nausea, metallic taste) or on changing of the local magnetic fields (mus-
cular cramps or visual stimulation). In addition, it is important that the acoustic 
noise that arises on a change in local magnetic fields is damped. A solution to 
this is also being sought, in addition to the use of earplugs, by developing cal-
mer sequences that necessitate fewer changes in the magnetic fields.27

Conclusion

Imaging at high field strength has important advantages that can be used in 
the future to optimize oncological diagnosis, more directed treatment and mo-
nitoring of effectiveness of an oncological therapy. The main advantages are 
(1) that more detailed anatomical images can be obtained and (2) that more 
accurate functional information can be obtained on a tumor with the aid of 
spectroscopy. 

The first in vivo results from patients showed that high spatial and spectral 
resolution 7T MRI is possible for prostate and breast cancer. 7T MRI has the po-
tential to enable quantitative molecular imaging and individual assessment of 
patients with cancer and will start to play a role in early diagnosis, tumor cha-
racterization and therapy monitoring of malignant tumors. 

Indications in practice

•	 7Tesla MRI can produce highly detailed anatomical images on account of 
the ultra-high resolution achieved.

•	 7Tesla MRI can image molecular processes better than MRI scanners with 
a lower field strength, so that more accurate functional information can be 
obtained on a tumor.

•	 New scan techniques are applied on 7Tesla MRI whereby other contrasts 
can be visualized within tumors.

•	 7Tesla MRI should facilitate individual assessment of patients with cancer 
and so play a role in early diagnosis, tumor characterization and therapy 
monitoring of malignant lesions.
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Abstract 

Objective

To characterize ex vivo healthy human axillary lymph nodes on 7Tesla MRI and 
to correlate the findings with pathological analysis as a first step towards non-
invasive staging of breast cancer patients in the future. 

Materials and Methods

Four axillary lymph node dissection (ALND) specimens from 2 autopsy patients, 
who had no cancer, were examined on a clinical 7Tesla MRI system. For mor-
phological analysis a 3D T1 weighted fat-suppressed fast field echo [isotropic 
resolution 180 μm] was acquired. For quantitative analyses 2D T1-, 3D T2-, T2*- 
and diffusion weighted images were acquired. The ALNDs were mapped and 
stained for precise correlation of MRI to pathology. Nodes were sliced in 4 μm 
sections, Haematoxylin & Eosin stained, and examined by an experienced pa-
thologist. 

Results

MRI detected all 45 nodes and 6 additional nodes that were not detected at 
pathological analysis. B-cell follicles, efferent- and afferent lymph vessels and 
blood vessels were identified. Mean T1, T2, T2*, ADC values (± standard devia-
tion) were 944±113 ms, 32±2 ms, 16±2 ms, 0.39±0.09·10-3 mm2/s respectively.   

Conclusions

7Tesla MRI of ex vivo human axillary lymph nodes correlated well with patho-
logy. MRI detected all nodes present in the specimens and allowed visualization 
of fine structural detail. Pathology-correlated quantitative MRI data are presen-
ted.   
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Introduction

Breast cancer is the most common form of cancer in women worldwide.1 The 
most important factor determining prognosis for these patients is axillary 
lymph node status.2,3 Assessment of nodal status currently requires surgery, by 
performing a sentinel node procedure, followed by an axillary dissection in case 
of a positive sentinel node.4 This procedure can cause morbidity and therefore, 
less invasive staging procedures, such as by imaging, are warranted.5,6

Diffusion weighted MRI (DWI) has shown promise in the detection of lymph 
nodes, but so far cannot accurately discriminate benign from malignant no-
des.7,8 With the use of ultra-small particles of iron oxide (USPIOs), MRI has shown 
to be able to assess axillary nodal status in vivo with a high positive and ne-
gative predictive value.9 However, this contrast agent has not been approved 
for clinical application yet, and identification of metastatic lymph nodes, based 
solely on morphological criteria, remains challenging.10-12

Recently, MRI systems with a magnetic field strength of 7Tesla (T) have come 
into use. We have used a whole body 7T MRI platform to determine morpholo-
gical and quantitative characteristics, such as T1, T2, T2* and apparent diffusion 
coefficients (ADC), ex vivo of healthy human axillary lymph nodes. Knowledge 
of benign lymph node characteristics may support a better assessment of me-
tastatic nodes in vivo in the future. MRI data was correlated to the gold standard, 
pathology, on a node-to-node basis.

Material and Methods

Harvesting of lymph nodes

During two autopsies, four axillary lymph node dissection (ALND) specimens 
were retrieved. The deceased were two females who died of cardiovascu-
lar disease and who had donated their bodies to science. No breast- or other 
cancers were detected. An ALND is a block of fatty tissue in which the axillary 
lymph nodes are located; nodal configuration and peri-nodal anatomy is thus 
maintained. Subsequently, the specimens were stitched onto a plastic grid and 
were fixed in formaldehyde for at least 1 week (range 1 week- 11 weeks). 

MRI protocols

The specimens were examined using a commercial 7T MRI system (Philips Health-
care, Cleveland, USA), using a transmit/receive head coil with a 16 channel re-
ceive coil (Nova Medical, Wilmington, MA, USA). During MR data acquisition, the 
specimens were submersed in fomblin (Solvay Solexis, Bollate, Italy) to provide 
susceptibility matching.13
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The MR-protocol for all ALNDs (51 nodes) consisted of: 
1. A 3D T1 weighted (3D T1w) fat-suppressed fast field echo [TR/TE 158/4.8 ms, 

flip angle 35º, FOV 23.6x110x110 mm³, acquired resolution 180 µm isotro-
pic] (acquisition time; 5 hours and 10 minutes),

2. A T1-map which was obtained with a 2D Look-Locker sequence [TR 
between inversions 4000 ms, TR/TE 7.6/3.7 ms, flip angle 3º, FOV 110x110 
mm², in-plane acquired resolution 500x500 µm², slice thickness 5 mm, 100 
samples with an initial TI of 18 ms and increments of 40 ms per sample] 
(acquisition time 35 minutes).

For ALND 3 and 4 (34 nodes) the following quantitative data sets were also ac-
quired:
3. A multislice T2-map which was obtained from a multi-echo spin echo se-

quence [TR/first TE/ΔTE 800/6/6 ms, 15 echoes, FOV 24x110x110 mm³, reso-
lution 500 µm isotropic] (acquisition time 5 hours and 42 minutes),

4. A multislice T2*-map which was obtained from a multi-echo gradient echo 
sequence [TR/first TE/ΔTE 300/5.9/5.9 ms, 10 echoes, flip angle 35º, FOV 
24x110x110 mm³, resolution 350 µm isotropic] (acquisition time 2 hours 
and 47 minutes),

5. A multislice diffusion weighted image [TR/TE 4000/83 ms, FOV 24x110x110 
mm³, resolution 1.0 mm isotropic, b-values 0, 750 and 1500 s/mm2] (acqui-
sition time 2 hours and 18 minutes). 

Pathology

Pathological examination was performed according to standard ALND proto-
col by an experienced pathologist, who was blinded to the MRI results during 
the initial evaluation of the specimen. Detected nodes were sliced into 4 mm 
sections and were paraffin embedded after which 4 μm thick slices were cut 
from each 4 mm block, which were subsequently stained with Haematoxylin 
& Eosin (H&E). Following standard pathological examination, the ALND speci-
men was correlated to the MRI-based map to identify any remaining nodes. 
After removal of any remaining MRI-detected nodes, the residual fatty tissue 
was submersed in acetone to detect any small lymph nodes which might have 
been overlooked. For matching purposes with MRI, digital pictures of all secti-
ons were obtained at a 1.5 magnification with a digital camera (Leica, Rijswijk, 
the Netherlands) mounted on top of a standard microscope (Leica).

MRI to pathology correlation

After positioning on the plastic grid, a detailed map was drawn of each speci-
men, noting the location of the individual nodes as they were situated in the 
fatty ALND tissue, using the horizontal and vertical lines of the grid as longitude 
and latitude references. Nodes detected by the pathologist were visually mat-
ched to nodes on this map. After removal of each node, it was dyed to perma-
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nently mark the sides which were superior and left on the MR images. The high 
resolution 3D T1w protocol (voxel volume 5.8 nanoliter) allowed reconstruction 
along arbitrary planes which enabled accurate matching of the MR images to 
the sectioning plane of microscopic pathology slides. 

MRI analysis

Quantitative and morphologic MRI analysis was done using in-house software 
created in MATLAB (Mathworks, USA). The mean absolute T1 relaxation times 
were determined for all nodes in all specimens. Quantitative analysis of T2 and 
T2* relaxation times and the ADCs were determined. Values were determined 
by drawing ROIs on the transversal views of the fitted maps derived from the 
original images. The T1 values were calculated according to a T1-mapping ac-
quisition method described by Hsu et al.14  The “Hsu algorithm” was selected 
after testing it on our samples against a 3 parameter non-linear least-squares 
algorithm which fitted the data directly to the Look-Locker equation. The Hsu-
method correlated better to “gold standard” MR spectroscopy T1 measure-
ments performed on the same specimens (data not shown). For T2-mapping 
only the even echo times were used to minimize the sensitivity to errors in the 
pulse angle of the 180 degrees refocusing pulses.

In addition to the measured T1 values, temperature-corrected T1 values are 
presented, which were calculated according to Rieke et al.15, who described an 
increase in T1 values of approximately 1.5% per degree Celsius. Similarly, ADC 
measured at room temperature, was extrapolated to body temperature, assu-
ming a linear relationship, according to the Stokes-Einstein equation.

Morphologic analysis was performed on the high resolution 3D T1w MR data 
sets. The longest diameter (length) and the perpendicular in-plane diameter 
(width) were measured on transversal images. The shape, presence of a fatty 
hilum and detailed structural architecture of the nodes were described. 

All quantitative results were expressed as means with a standard deviation. 
A correlation of the size and the morphologic features was performed using 
Spearman’s rank test. 

Results

MRI detected 51 nodes in the four ALNDs. Figure 1 shows a maximum intensity 
projection of the 3D T1w data set of specimen 2. Forty-two of 51 nodes (82%) 
were retrieved during routine dissection of the ALNDs. Of the remaining nine 
MRI-detected nodes, three could be retrieved on re-examination of the spe-
cimen; one directly after consulting the MRI-based map and two others after 
defatting the specimen with acetone. The remaining six MRI-detected nodes 
-all smaller than 3x2 mm²- were not found at pathological examination. 
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Quantitative analysis

Table 1 shows the number of nodes detected by MRI and by pathology and the 
various MRI characteristics per ALND. The influence of conservation time on T1, 
T2 and T2* is shown in figure 2.

Figure 1. Thin-slab maximum intensity projection over 2 mm of a 3D T1w MR data set (180 μm isotropic 
resolution) of an axillary lymph node dissection specimen. Solid white arrows: Lymph nodes depicted 
against a black background consisting of suppressed fat. Open white arrows: Lymph- and blood vessels. 
Black arrow: A macroscopically proven blood vessel. Triangle: An artifact caused by a gauze, which had 
not been drenched in fomblin. Rectangle: A remnant of formaldehyde inside the pleats of the specimen.
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Table 1. Lymph node characteristics depicted per axillary lymph node dissection (ALND) 

ALND 1 ALND 2 ALND 3 ALND 4 All 4 ALNDs

Total # of nodes 
at MRI 9 8 15 19 51

Total # of nodes 
at pathology 9 8 12 16 45

Length (mm) 
[range]

11 (6) 
[2.7-19.1]

10 (7) 
[1.3-21.6]

9 (8) 
[2.1-27.2]

9 (7) 
[3.0-24.1]

9 (7) 
[1.3-27.2]

Width (mm) 
[range] 

7 (5) 
[1.9-13.2]

7 (6) 
[0.6-15.8]

6 (5) 
[1.3-17.0]

5 (4) 
[1.9-13.0]

6 (5) 
[0.6-17.0]

T1 (ms) 931 (87) 806 (52) 910 (39) 1049 (81) 944 (113)

T2* (ms) - - 15 (1) 17 (3) 16 (2)

T2 (ms) - - 31 (2) 34 (1) 32 (2)

ADC ·10-3 (mm2/s) - - 0.33 (0.1) 0.45 (0.1) 0.39 (0.09)

The total number (#) of nodes found on MRI and by pathology, the mean transversal dimensions in 
millimeters (mm) ± standard deviation (SD) and range, the mean T1, T2 and T2* relaxation times in 
milliseconds (ms) and the mean apparent diffusion coefficient (ADC) in square millimeter per second 
(mm2/s) are depicted.

T1, T2 and T2* as a function of formaldehyde fixation duration
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Figure 2. T1, T2 and T2* values (ms) as a function of formaldehyde fixation time per axillary lymph node 
dissection (ALND). The T1 values are depicted by “-”, the T2 values by “ ∆  ”and the T2* values by “•”.
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Lymph node T1 values, determined at a room temperature of 20˚C, were: 931 
ms, 806 ms, 910 ms and 1049 ms for ALND 1, 2, 3 and 4 respectively, leading to 
an overall average T1 of 944 ms. The body temperature corrected T1 values for 
ALND 1, 2, 3 and 4 are 1168 ms, 1011 ms, 1140 ms and 1316 ms respectively, 
leading to an overall average T1 of 1316 ms.

Lymph node ADC values, determined at a room temperature of 20˚C, were: 
0.33·10-3 mm2/s and 0.45·10-3 mm2/s for ALND 3 and 4 respectively, leading to an 
overall average ADC of 0.39·10-3 mm2/s. The body temperature corrected ADC 
values result in an average ADC for ALND 3 and 4 of 0.35·10-3 mm2/s and 0.47·10-3 
mm2/s respectively, leading to an overall average ADC of 0.41·10-3 mm2/s. 

Morphological analysis

Twenty-three of 45 nodes (51%) were observed without a lipid-rich hilum  
(figure 3). The Spearman’s rank correlation ratio for length, width and length/
width (i.e. the roundness) of the node correlated to the presence of a lipid hi-
lum, was 0.54 for length (p= 0.0001 [95% CI 0.32-0.71]), 0.54 for width (p=0.0001 
[95% CI 0.31-0.71]) and 0.031 for roundness (p=0.83 [95% CI -0.25–0.31]).

Lymph nodes are connected to lymphatic pathways and blood vessels. 
Lymph is conducted to the node through afferent vessels on the convex side. 
The lymph exits the node through efferent vessels on the concave hilar side, 
together with the vasculature.16 Typically, there are more afferent than efferent 
vessels.16 We visualized many small afferent vessels at nodal convexities and a 
few, often prominent, efferent vessels exiting the node from the hilum (figure 
4). The lymph node capsule contains a vascular network which runs parallel to 
the lymph flow in order to facilitate the exchange of fluid components. These 
vascular structures can become dilated, which was visualized in figures 3K, 5A 
and 6C.

The outer part of the lymph node capsule contains centres called B-cell fol-
licles, which mainly consist of B-cell lymphocytes; These centres are described 
as either primary (inactive), or secondary (activated).16 On 3D T1w MRI several 
hypo-intense regions were depicted in the hyper-intense capsule as shown in fi-
gures 4A and 6A. These structures visualized on MRI corresponded to the location 
of activated B-cell follicles seen at pathology. At pathology these centres had 
diameters of up to 1.3 mm (range 0.1-1.3 mm). On MRI the diameters ranged 
from 0.4 to 1.5 mm. 
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Figure 3. Six lymph nodes 
on 3DT1w images (180 
µm isotropic resolution; 
A,C,E,G,I and K) and on 
matching H&E stained 
histopathology ima-
ges (1.5x magnification; 
B,D,F,H,J and L). Solid thin 
arrows: Afferent lymph 
vessels, which conduct 
lymph towards the con-
vex side of the node. 
Open arrows: Efferent 
lymph vessels, which exit 
the node on the concave 
side. Fat short arrow: The 
hilum of the hilus, which 
is of low signal intensity 
on this MR image. This 
is most likely due to the 
presence of fat, which is 
suppressed and due to 
the presence of blood 
vessels. These are also of 
low signal intensity on 
MRI due to the high sus-
ceptibility caused by the 
iron (hemoglobin) con-
tent of the erythrocytes 
in these vessels. Open 
arrow-head: Intranodal 
dilated blood vessels. 
The vessels contain ery-
throcytes on the patho-
logy slides. These vessels 
have low signal intensity 
on the MRI scans, due to 
susceptibility artifacts 
because of the hemoglo-
bin, iron, content. A,C,E; 
Bean shaped nodes with 
fatty hilum and a highly 
cellular capsule. G,I,K; 
Compact spherical nodes 
with no fatty hilum. 
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Figure 4. The hilum of three different nodes on thin-slab maximum intensity projections (MIP) over 2 
mm of a 3D T1w MR image (180 μm isotropic resolution). Solid white arrows: Afferent lymphatic vessels. 
Open arrows: Efferent lymph vessels. Thin black arrow:  B-cell follicle. A) An area of low signal intensity 
(thin black arrow) is visible in the lymph node capsule. This corresponds to a B-cell follicle at pathologi-
cal examination. B and C) The MIP is oriented in such a way as to depict all efferent vessels and as many 
afferent vessels as possible. Not all afferent vessels can be seen in one view.

Figure 5. Three lymph nodes on 3D T1w images (180 µm isotropic resolution; A,C and E) and on mat-
ching H&E stained histopathology images (1.5x magnification; B,D and F). Solid arrows: Afferent lymph 
vessels. Open arrows: Efferent vessels. Open arrowhead: Intranodal dilated blood vessels. A) A partial 
view of a compact spherical node with no fatty hilum. C) A vessel (encircled) traverses the capsule of 
the node. C-E) Bean shaped nodes with a fatty hilum.
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Figure 6. Two lymph nodes on 3D T1w images (180 µm isotropic resolution; A and C) and on matching 
H&E stained histopathology images (1.5x magnification; B and D). Solid arrows: Afferent lymph vessels. 
Open arrows: Efferent vessels. Solid arrowhead: Loosely packed medullar structure. Thin black arrows:  
B-cell follicles.Open arrowhead: Intranodal dilated blood vessels. A) A round shaped lymph node with a 
fatty hilum. A vessel (encircled) traverses the capsule of the node. C) A horseshoe shaped lymph node 
with a fatty hilum. 

Discussion

We presented the 7T characterization of ex vivo healthy human axillary lymph 
nodes with a node-to-node correlation to pathology. 45 axillary nodes from 4 
ALNDs were characterized on MRI and subsequently correlated to pathology. 
This study is an ex vivo study in which normal lymph node characteristics were 
assessed at 7T. Therefore lengthy MR protocols could be used for this purpose. 
However this can not be applied to in vivo characterization of nodes. Nonethe-
less, taking technological advancements into consideration as well, knowledge 
gained by analyzing ex vivo nodes can help with a quicker assessment in the 
future of lymph nodes in vivo in cancer patients.

Nodal detection rate was higher for MRI as compared to pathology

Previously Luciani et al. performed an ex vivo, node-to-node correlation study 
at 1.5T showing that MRI accurately assessed lymph node size, but missed on 
average 20% of the nodes found by pathology.10 By comparison, in this ex vivo 
study, at 7T we detected all nodes found at subsequent pathological examina-
tion. A likely explanation is the higher imaging-resolution -we used a 55-times 
smaller voxel size (voxel volume 5.8 nL) - and the higher lymph node to back-
ground contrast of the fat-suppressed 3D T1w data set we acquired. Moreover, 
MRI detected nine more nodes than were retrieved at subsequent standard 
pathological examination of the ALNDs. Six of these nine MRI-detected nodes 
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could not be correlated to pathology. Therefore in theory these would have to 
be considered false positives when using pathology as the gold standard. Ho-
wever their morphological appearance and their T2 (33±2 ms) and T2* (17±2 
ms) characteristics closely matched those of histologically confirmed lymph 
nodes. Also, anatomically no other structures of corresponding size and shape 
are present in ALND specimens. For these particular nodes the mean T1 value 
could not be determined because they were not visualized on the (single slice) 
Look-Locker data set, and the ADC was of insufficient resolution for accurate 
ROI analysis. Three of the nine additional nodes however were pathologically 
confirmed lymph nodes. These nodes were only retrieved by the pathologist on 
the basis of the MRI, one after direct consultation of the MRI-based map for its 
precise location and two others after the specimen was more thoroughly defat-
ted because the MRI-based map indicated more nodes should be present. The 
data therefore suggest that MRI has the potential to detect even more nodes 
than standard clinical pathological examination.

Morphological characteristics of lymph nodes

This study also indicates that not all benign nodes have a lipid rich medulla. 
Additionally, it is shown that size and shape of histologically-proven benign 
human lymph nodes can vary greatly. A fair correlation was found between 
size and the presence of a fatty hilum. Larger lymph nodes were more likely 
to have a fatty hilum than smaller lymph nodes. This is useful for their putative 
discrimination from malignant lymph nodes which are also, on average, larger, 
but often do not contain a fatty hilum.17 In the present study all nodes were 
histologically proven benign nodes, but this issue is addressed in an ongoing 
7T study in lymph nodes derived from breast cancer patients. With respect to 
metastatic morphology; the roundness of nodes did not correlate with the pre-
sence of a fatty hilum. In addition, while a diameter greater than 10 by 15 mm 
on transverse images is often used as a cut-off for the detection of metastatic 
nodes8;18-20, the diameter of the healthy nodes in this study -also measured in 
the transversal imaging plane- varied from 0.6 to 17.0 mm by 1.3 to 27.2 mm. 

Many efferent and afferent lymph- and blood vessels were visualized. Effe-
rent blood vessels cannot always be discriminated from efferent lymph vessels 
on MRI. However, also pathologically, lymph vessels can only be differentia-
ted from blood vessels with certainty if valves (lymph vessels) or erythrocytes 
(blood vessels) are present.

Several putative secondary B-cell follicles situated in the periphery of the 
nodes were observed. At pathology these nodes were normal reactive lymph 
nodes with multiple, activated B-cell follicles. The signal intensity of these fol-
licles was not as hypo-intense as the hypo-intensity caused by the presence of 
erythrocytes (figure 6) which are found in blood vessels, nor was the shape of 
the structure similar to vessels. It is important to note that these areas of hypo-
intensity in the nodal capsule on the (non-contrast-enhanced) T1w images are 
not metastatic involvement. 
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Quantitative analysis

Mean absolute T1, T2 and ADC values of ex vivo healthy human axillary nodes 
at 7T were 944 ms, 32 ms and 0.39·10-3 mm2/s respectively. Absolute T2* values 
were also determined. The high sensitivity of T2* to field heterogeneity often 
precludes the direct comparison of these values between different studies. But 
given the similar T2* values measured in this study, this effect seems to be re-
producible in practice for the current set-up. 

The quantitative measurements in the post-mortem specimens are influ-
enced amongst others by fixation effects of formaldehyde and by tempera-
ture.15;21-25 Therefore these data can not be extrapolated directly to in vivo con-
ditions. With respect to the temperature, the determined ex vivo values can be 
corrected as shown in the materials and methods section; but correction for 
the effect of fixation on cellular metabolism is not possible. Especially for T1 
values, Tovi et al. showed a large dependency over time of T1 measurements for 
formaldehyde fixated tissue.25 This effect was also visible in our study as shown 
in figure 2. Therefore, the reported absolute values cannot be directly compared 
to absolute values determined in vivo. For ex vivo studies, these measurements 
could nonetheless serve as a reference value for the future comparison of ex 
vivo healthy lymph nodes to metastatic nodes. 

Conclusion

7T MRI of ex vivo human lymph nodes correlated well with pathology findings. 
MRI detected at least as many nodes in the ALND specimens as detected by 
standard clinical pathological examination and it visualized great structural de-
tail such as efferent- and afferent vessels, intranodal capillary structures and 
several putative B-cell follicles. The detailed anatomical imaging, in addition to 
the quantitative analyses, of healthy nodes may support a better assessment of 
metastatic nodes in the future. 
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Abstract  

Purpose

To investigate the association of 7T MRI characteristics with metastatic nodal 
invasion as determined by histopathology in dissected sentinel lymph nodes of 
breast cancer patients.

Materials and Methods

IRB approval and informed consent was obtained. 114 dissected lymph nodes 
from 33 women (mean age 57 years; range 31-80 years) with breast cancer were 
included from November 2008 till July 2010. For morphological analysis a 3D 
T1w fat-suppressed fast field (i.e. gradient-) echo (isotropic resolution 180 μm) 
was acquired. 3D nodal dimensions, maximum cortical thickness and presence 
of a fatty hilum were noted. For quantitative parametric analysis, 2D T1-, 3D T2-,  
T2*- and diffusion weighted images were acquired. Statistical analyses consis-
ted of generalized estimating equations (GEE), forward and backward stepwise 
regression analyses and calculation of positive and negative predictive values 
(PPV, NPV).

Results

Of 114 nodes, 26 (23%) were malignant. Morphological criteria showed weak 
discriminatory power: A fatty hilum was absent in similar percentages in both 
groups; in 35% of malignant and in 30% of benign nodes (p=0.9). Other often 
used measures; nodal volume and length/width ratio, were not significantly dif-
ferent; respectively p=0.11 and p=0.75. Cortical thickness however (threshold 3 
mm; p=0.021) showed a 91% NPV for malignancy and a 95% NPV for the pres-
ence of macro-metastases. Quantitative parametric analyses showed compara-
ble mean T1, T2 and T2* relaxation time constants and apparent diffusion coef-
ficients for metastatic and benign nodes: 1035 ms, 31 ms, 18 ms, 0.20 mm²/s 
vs. 991 ms  (p=0.14), 30 ms (p=0.001; n.s. after GEE), 15 ms (p=0.002) and 0.17  
mm²/s (p=0.38), respectively. Mean T2* alone, and none of the other measure-
ments, offered an additive discriminatory effect for the identification of meta-
static nodes. Consistent with the notion of pan-nodal changes accompanying 
tumor infiltration, mean T2* differed significantly even if only micro-metastases 
were present. However the interindividual differences are small, precluding 
easy clinical implementation.

Conclusion

Morphological criteria showed poor discriminatory power, even with ultra-high 
resolution imaging. T2* quantification allowed identification of metastatic no-
dal invasion.
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Introduction 

For breast cancer patients, axillary lymph node status is an important prognos-
tic factor.1,2 At present, assessment of nodal status is most often performed by 
surgical sentinel lymph node biopsy (SLNB) or ultrasound-guided fine-needle 
aspiration, followed by axillary dissection in case of a tumor positive sentinel 
node.3 Non-invasive, imaging-based staging would likely be preferred, if such a 
procedure was equally accurate.      

Imaging-based staging with ultrasound, CT or PET-CT is not yet accurate 
enough in the detection of axillary nodal metastases.3-8 Evaluation of axillary 
nodal status using conventional MRI techniques has also proven to be insuffi-
cient, and has focused chiefly on morphological criteria, such as size, homogen-
eity of nodal signal intensity, contour assessment, or on contrast enhancement 
kinetics.9-12 These studies have been carried out at lower field strengths, mainly 
at 1.5Tesla (T). Diffusion weighted imaging (DWI) has shown promise in the de-
tection of lymph nodes, but so far cannot accurately discriminate benign from 
malignant nodes.13-16 With the use of ultra-small particles of iron oxide (USPIOs), 
MRI has shown to be able to assess axillary nodal status with a high positive and 
negative predictive value (PPV and NPV).17 However, this contrast agent has not 
yet been approved for clinical application. 

Recently, MRI systems with a magnetic field strength of 7T have become avai-
lable for clinical use, which has led to the 7T characterization of ex vivo healthy 
human lymph nodes.18 Our purpose was to characterize at 7T the appearance 
of dissected sentinel lymph nodes of breast cancer patients, with histopatholo-
gical reference standard.

Material and Methods

Harvesting strategy of lymph nodes

This study was approved by the institutional review board and informed con-
sent was obtained. Between December 2008 and July 2010 we included all 
consecutive female patients who were scheduled for a SLNB and had a histolo-
gically proven breast cancer of at least 2 cm in diameter as determined on mam-
mography, ultrasound or on a clinically performed 1.5 or 3T MRI. All patients 
who received neo-adjuvant chemotherapy or who had received prior axillary 
nodal surgery were excluded. This resulted in the inclusion of 33 breast cancer 
patients (all female, mean age 57 years; range 31-80 years) who all had unila-
teral breast cancer.  SLNB was carried out by an experienced breast surgeon, 
as part of the standard clinical treatment. Immediately following the SLNB, the 
harvested nodes were conserved as a whole in formaldehyde for 24-48 hours. 
Subsequently the nodes were imaged at 7T.
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7T MRI protocol

The specimens were examined on a whole-body, clinical 7T MRI system (Philips 
Healthcare, Cleveland, OH), using a transmit/receive head coil with a 16 channel 
receive coil (Nova Medical, Wilmington, MA). The nodes of each patient were 
stitched flat and close together onto a plastic grid in order to maintain a con-
sistent shape and achieve accurate shimming. During the MR exams the nodes 
were submersed entirely in fomblin (Solvay Solexis, Bollate, Italy) to provide 
susceptibility matching and achieve accurate shimming.19

The details of the applied MRI protocol have been published recently.18 The 
total scan time was approximately 8.5 hours. Briefly, the following five data sets 
were acquired:

1. A 3D (volumetric) T1 weighted (T1w) fat-suppressed fast field (i.e. gradient-) 
echo (TR/TE 158/5.59 ms, flip angle 35º) with 180 μm isotropic resolution 
(voxel volume 5.8 nL) (acquisition time 3 hours 15 minutes) for imaging 
morphological features in detail.

2. A multislice T1-map was obtained. After a global inversion pulse a multi-
shot EPI sequence with 40 slices is used to sample the inversion recovery 
curve. The first slice is acquired at TI = 20 ms after the inversion pulse. The 
slice to slice timing was 45 ms. At the next repetition of the sequence, the 
order in which the slices are acquired is shifted 1 slice to obtain a second 
sample point on the recovery curve for each slice. The shifting procedure 
was repeated 40 times resulting in 40 sample points per slice. Other ima-
ging parameters were: TR = 10,000 ms, TE = 17 ms, acquired resolution = 
1.0x1.38x1.0 mm³, FOV = 90x90x47.8 mm³, SENSE-factor  = 1 and flip angle 
=  90 degrees  (acquisition time 21 minutes).20 

3. A quantitative 3D T2-map which was obtained from a multi-echo spin echo 
sequence with 0.5 mm isotropic resolution (acquisition time 2 hours 35 mi-
nutes),

4. A quantitative 3D T2*-map which was obtained from a multi-echo gradient 
echo sequence with 0.35 mm isotropic resolution (acquisition time 1 hours 
45 minutes),

5. A 3D diffusion weighted image with b-values 0, 750 and 1500 s/mm2 and 
with 1.0 mm isotropic resolution (acquisition time 27 minutes).

Pathology

Pathological processing, performed following surgical excision according to 
protocol, as well as final pathological examination was performed according 
to a standard SLNB protocol, by an experienced pathologist (PvD, 20 years of 
experience) who was blinded to the results of the MRI. The nodes were sliced 
into 4 mm sections perpendicular to their longest axis. Next, they were paraffin 
embedded and five 4 μm thick slices were cut from each 4 mm block at 250 μm 
intervals and subsequently stained with Haematoxylin & Eosin (H&E), and when 
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negative, by CAM5.2 immunohistochemistry.21 If metastases were present, they 
were classified as either macro-metastases, defined as a metastatic depot of 
more than 2 mm in size, or as micro-metastases, defined as a metastatic depot 
of 0.2 mm-2 mm in size or as isolated tumor cells, defined as a single tumor cell 
or a cluster of tumor cells < 0.2 mm in size.22

For the purpose of matching with MRI, digital pictures of all slides were ob-
tained at a 1.5 magnification with a digital camera (Leica, Rijswijk, The Nether-
lands) mounted on a standard microscope (Leica).

MRI and pathology correlation

To maintain an accurate correlation of MRI with pathology the location of the 
individual lymph nodes on the plastic grid was indicated on a map. Each indivi-
dual node was dyed to permanently mark the sides which were superior (black 
dye) and left (blue dye) according to the MR images. After the nodes were dyed, 
the nodes were sliced. These dyes remained visible during pathological proces-
sing. Additionally each separate slice which was cut by the pathologist was also 
numbered, in order to facilitate intranodal matching.

The isotropic high resolution 3D T1w data set (voxel volume = 5.8 nL) allo-
wed reconstruction along arbitrary planes which enabled accurate matching of 
the MR images to the sectioning plane of microscopic pathology slides. 

MRI analyses

The MRI exams were interpreted before the pathology assessment. Morpholo-
gic and quantitative parametric MRI analyses were performed using in-house 
software created in MATLAB (Mathworks, Natick, MA). Morphologic analyses 
were performed on the high resolution 3D T1w MRI data set. Morphologic as-
sessment of the lymph nodes consisted of noting the presence or absence of 
a fatty hilum and measuring the maximum cortical thickness in nodes with a 
fatty hilum. A cut-off of 3 mm was used for statistical analysis as a cortex thin-
ner than 3 mm has been used as a determinant for benignancy.8;23,24 The lymph 
node cortex as mentioned in previous studies, represents the anatomical mar-
ginal sinus, lymphoid follicles and paracortex of a lymph node. In this study we 
define cortex similarly. The longest diameter, width and height of nodes were 
measured in mm in transverse and sagittal planes. The ratio of long axis/short 
axis (length/width) was determined. A cut-off of 2 was used for statistical ana-
lysis as a length/width ratio of more than 2 and smaller nodal size have been 
used as determinants for benignancy.25,26 Additionally it was noted if metasta-
ses were visualized as well as specific nodal anatomic detail such as capillaries, 
lymph- and blood vessels (MK, 5 years of experience in diagnostic radiology). 
For the presence of a fatty hilum and the maximum cortical thickness a suba-
nalysis of the accuracy calculations was performed including only those with 
macro-metastatic disease. 
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For all lymph nodes, the mean absolute T1, T2 and T2* relaxation time 
constants and the apparent diffusion coefficients (ADC) were determined on 
transverse views of the fitted maps derived from the original images, based on 
hand-drawn regions of interest (ROI). After temporal reordering of the slices, 
the T1 data was fitted to I(t)=I0(1-2exp(-t/T1)+exp(-TR/T1)) to obtain T1 values 
on a pixel by pixel basis. This T1 mapping method was compared to the method 
used in the previously published protocol.18 To determine the optimal fitting 
method, both methods were compared to reference standard T1 NMR spectro-
scopy measurements in 4 patients. For T2 mapping only the even echo times 
were used to minimize the sensitivity to errors in the pulse angle of the 180 
degrees refocusing pulses. In addition to the measured T1 values, temperature-
corrected T1 values were calculated according to Rieke et al.27, using an estima-
ted increase in T1 values of approximately 1.5% per degree Celsius.28 Similarly, 
ADC measured at room temperature was extrapolated to body temperature, 
using the temperature dependence of the ADC of tissue as described by Le Bi-
han et al..29

Statistics

Statistical analyses were performed for the quantitative parametric and mor-
phologic MRI measurements by means of logistic regression analysis according 
to the generalized estimating equations (GEE) method.30 This method corrects 
for the fact that the data are dependent, as several nodes were derived from the 
same patient. Results were regarded as statistically significantly different if ana-
lyses according to the GEE method showed a p-value smaller than 0.05. Additio-
nally, forward and backward stepwise GEE regression analyses were performed 
on all quantitative data to search for parameters which influence each other in 
the discrimination of benign from metastatic nodes. To visualize the differences 
in the MRI measurements assessed as statistically significant by GEE, the ratio of 
these measurements in malignant versus benign lymph nodes, was plotted per 
patient. The PPV, NPV, sensitivity and specificity for detecting metastases was 
determined for nodes with a fatty hilum and for nodes with a maximum cortical 
thickness thicker than 3 mm.

Results

A total of 114 sentinel lymph nodes were harvested from the 33 patients. At pa-
thology, 88/114 nodes (77%) were benign and 26/114 nodes (23%) contained 
metastases, of which 4/114 (4%) were micro-metastases and 2/114 (2%) only 
contained isolated tumor cells.
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Morphological analyses

The high resolution 3D T1w data revealed exquisite qualitative anatomical de-
tail, such as the presence of efferent and afferent lymph- and blood vessels and 
dilated intranodal capillaries (figure 1). However, metastases within lymph no-
des could not be detected morphologically.

Figure 1. Correlation of transverse 
slices of a 3D T1w fat-suppressed 
fast field (i.e. gradient-) echo (TR/
TE 158/5.59 ms, flip angle 35º) 
(180 μm thick slices, A, C, E and 
G) to H&E stained histopathology 
images (1.5x magnification, B, D, 
F and H). Four different lymph 
nodes are shown, which all are 
partially invaded by metastases 
(open arrows and delineated on 
the histopathology images). Ef-
ferent lymph vessels (solid thin 
arrows), intranodal capillaries 
(thick black arrows) and cortical 
fat (triangle) are depicted. Blood 
vessels have low signal intensity 
on MRI due to the iron content 
of the blood products inside the 
vessels. Fat was intentionally sup-
pressed and thus also has low 
signal intensity on these MRI 
images.

Fatty hilum

A fatty hilum was absent in 30% of benign nodes (26/88) and in 35% of malig-
nant nodes (9/26). As a predictor of malignancy, the absence of a fatty hilum 
had a PPV of 26%, a NPV of 78%, a sensitivity of 35% and a specificity of 70% 
(table 1). The PPV and NPV for macro-metastatic disease were 17% and 82%, 
respectively.
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Cortical thickness

In the 79 nodes with a  fatty hilum when a cut-off value of 3 mm for maximum 
cortical thickness is used as a predictor for malignancy, this results in a PPV of 
26% for nodes with a cortex equal to or thicker than 3 mm and a NPV of 91% for 
nodes with a cortex thinner than 3 mm. The sensitivity of a maximum cortical 
thickness with a threshold at 3 mm is 88% and the specificity is 32% (table 1). 

Table 1. Cross table of all metastatic versus all benign breast cancer sentinel lymph nodes for presence 
of a fatty hilum and for maximum cortical thickness <3 mm, measured in nodes with a fatty hilum. 
Benign nodes are compared to metastatic nodes without adjustment for clustering.

  Metastatic* 95% CI Benign**  95% CI Predictive value 95% CI

Non-fatty hilum 9/26 (35%) 16-53 26/88 (30%) 26% (9/35) PPV 11-40
Fatty hilum 17/26 (65%) 62/88 (70%) 61-80 78% (62/79) NPV 69-88
Cortical thickness ≥3 mm 15/17 (88%) 73-100 42/62 (68%) 26% (15/57) PPV 15-38
Cortical thickness <3 mm 2/17 (12%) 20/62 (32%) 21-44 91% (20/22) NPV 79-100
Length/width <2 24/26 (92%) 82-100 75/88 (85%) 24% (24/99) PPV 16-33
Length/width ≥2 2/26 (8%) 13/88 (15%) 7-22 87% (13/15) NPV 70-100

  Macro- 
metastatic§

Non-macro- 
metastatic§§ Predictive value

Non-fatty hilum 6/20 (30%) 10-50 29/94 (31%) 17% (6/35) PPV 5-30
Fatty hilum 14/20 (70%) 65/94 (69%) 60-79 82% (65/79) NPV 74-91
Cortical thickness ≥3 mm 13/14 (93%) 79-100 44/65 (68%) 23% (13/57) PPV 12-34
Cortical thickness <3 mm 1/14 (7%) 21/65 (32%) 21-43 95% (21/22) NPV 87-100

*All nodes with either isolated tumor cells, micro- or macro-metastases. **All nodes without any meta-
static invasion, including no isolated tumor cells. §All nodes with macro-metastases. §§Nodes with 
either no metastases, or only isolated tumor cells or micro-metastatic invasion. PPV= positive predic-
tive value. NPV = negative predictive value.

Nodal size

Metastatic nodes tended to be larger than benign nodes, but this difference 
was not statistically significant according to the GEE analysis (table 2). For be-
nign nodes the average short axis was 7 mm (SD 4 mm [range 1-22 mm]) and 
the average long axis was 10 mm (SD 6 mm [range 1-29 mm]). For metastatic 
nodes the average short axis was 9 mm (SD 3 mm [range 4-15 mm]) and the 
average long axis was 14 mm (SD 5 mm [range 6-22 mm]). The ratio long axis/
short axis was similar for benign and malignant nodes (table 2). 
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Quantitative parametric analysis 

Nodal T1 values as determined using MR spectroscopy in 6 patients were: 996 
ms, 1026 ms, 1099 ms, 1072 ms, 953 ms, 1028 ms. The mean nodal T1 as de-
termined from the current multislice fitting method correlated equally well to 
“reference standard” spectroscopy (mean±SD): 972±51 ms, 900±86 ms, 928±63 
ms, 1072±67 ms, 890±95 ms, 948±142 ms as the previously used single slice 
Look-Locker fitting method: 946±46 ms, 980±68 ms, 1018±87 ms, 1292±147 
ms, 882±47 ms, 905±61 ms. A paired samples t-test on the differences of the 
scores in regard to the reference standard showed a p-value of 0.25. 

Table 2. Quantitative morphologic and parametric analyses of all metastatic and all benign sentinel 
lymph nodes with statistical analysis performed correcting for clustering. 

  Metastatic n Benign n p-value GEE 
Width·length·height (mm³)                1513 (1410) 26 861 (1214) 88 0.11
Maximum cortical thickness (mm) 5.7 (3) 17 4.0 (2) 62 0.02
Absence fatty hilum - 26 - 88 0.9
Ratio length/width                        1.5 (0.4) 26 1.4 (0.5) 88 0.75
T1 (ms)                                         1035 (143) 21 991 (109) 46 0.14
T1 (ms) temp. adjusted                         1333 1277 -
T2 (ms)                                           31 (7) 25 30 (3) 83 0.001
T2* (ms)                                         18 (4) 15 (2) 0.002
ADC·10-³ (mm²/s)                          0.20 (0.07) 26 0.17 (0.08) 76 0.38
ADC·10-³ (mm²/s) temp. adjusted                      0.31 0.25 -

The values are expressed as means (±SD); Temperature (temp.) adjusted values are means extrapo-
lated to body temperature. The generalized estimating equations (GEE) analysis corrects for the fact 
that several nodes were derived from the same patient. Subsequently performed forward and back-
ward stepwise GEE regression analyses showed that only T2* and none of the other measurements, 
including T2, lymph node size and cortical thickness, offered an additive discriminatory effect for the 
identification of metastatic nodes. 

Of the T1, T2* and T2 relaxation time constants, and the mean ADC (figure 2), 
T2 and T2* were the only parameters that significantly discriminated malignant 
from benign lymph nodes (p=.001 and p=.002 respectively, figure 3, Table 2). For-
ward and backward stepwise GEE regression analyses showed that only T2* and 
none of the other measurements, including T2, lymph node size and cortical 
thickness, offered an additive discriminatory effect for the identification of me-
tastatic nodes.  
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Figure 2. Corresponding 
transverse slices through a 
benign dissected sentinel 
lymph node (efferent lymph- 
and blood vessels depicted 
by arrows in A and B. Fat is 
suppressed in all MR images. 
A high resolution 3D T1w fat- 
suppressed fast field (i.e. gra-
dient-) echo (TR/TE 158/5.59 
ms, flip angle 35º) (180 μm 
isotopic resolution) (A), cor-
related to a H&E stained 
histopathology image (1.5x 
magnification; B), on a diffu-
sion weighted image (b = 750  
s/mm²; C), on an apparent 
diffusion coefficient (ADC) 
MAP (mean ADC  = 0.15·10-³ 
mm²/s; D), on a T2w image (E), 
on a fitted T2 MAP (mean T2 = 
30.4 ms; F), on a T2*w image 
(G), on a fitted T2* MAP (mean 
T2* = 18.8 ms)  (H), on a T1w 
image (I) and on a correspon-
ding fitted T1 MAP (mean T1 = 
971 ms; J). 
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Figure 3. Mean T2* relaxation time constants of all metastatic sentinel lymph nodes per patient, plotted 
as a ratio of the mean T2* relaxation time constant of metastatic and benign nodes per patient. In case 
only metastatic nodes were present in a patient, the overall mean T2* relaxation time constant of all 
benign nodes was used to compute the ratio.

Discussion

In our study of 114 axillary lymph nodes from 33 breast cancer patients charac-
terized at 7T MRI, metastatic and non-metastatic nodes could not be discrimi-
nated from each other based on long-to-short axis ratio of less than 2, a short 
axis larger than 10 mm, 3D nodal volume or obliteration of the fatty hilum. Our 
results confirm various studies at lower field strengths which also concluded 
that morphology is a poor MRI criterion for metastases.4;8;10;13;23;25,26;31 However, in 
nodes with a fatty hilum, benign nodes did have a significantly thinner cortex 
than metastatic nodes. A cut-off value of 3 mm showed a NPV of 91% for malig-
nancy in general, and 95% for macro-metastatic invasion. Therefore, nodes with 
a fatty hilum and a cortex thinner than 3 mm could be assessed as benign with 
fairly high certainty. In accordance with Abe et al., this suggests that nodes with 
a cortical thickness of more than 3 mm may require further analysis.4  

While the isotropic high resolution 3D T1w images allowed for depiction of 
detailed nodal anatomy, and despite achieving the smallest voxel volume (5.8 
nL) used to date to image lymph nodes, MRI was not able to delineate the in-
tranodal location of metastatic deposits. This lack of T1 contrast between me-
tastatic and non-metastatic areas inside the nodes is in line with the similarity 
in mean quantitative T1 relaxation time constants; 1035 ms and 991 ms respec-
tively. 

With respect to lymph node ADC values, in vivo studies have reported discor-
dant results.32 ADC values have been reported to be similar for metastatic and 
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benign nodes33, to be higher in metastatic nodes34 and to be lower in metastatic 
nodes.35 Our study is limited in that the ex vivo condition of the specimen is 
expected to affect diffusion, thereby changing the absolute ADC values, and 
how this would alter the relationship between metastatic and benign nodes 
is unproven. Compared to in vivo studies at lower field strengths, the current 
set up allows higher resolution imaging with more precise ROI placement, less 
partial volume effects, multiple b-values and multiple averages. Despite these 
optimized conditions, no significant difference in ADC values could be detected 
between benign and metastatic nodes. 

There was a significant difference in mean nodal T2* relaxation time constants 
between metastatic and non-metastatic nodes. Metastatic nodes can thus the-
oretically be identified with fairly high certainty based on lengthening of the 
T2* relaxation time of the whole lymph node; even if only micro-metastatic de-
posits are present. However, while statistically a very robust effect, on averaging 
across all patients the divergence in overall mean T2* between both groups 
is small, precluding the definition of an easy to implement single benign-ma-
lignant cut-off value. The sensitivity of T2* measurements to field inhomogen-
eity adds to the challenge of defining such an inter-patient and inter-hospital 
comparison of quantitative T2* values. With respect to the extrapolation of ex 
vivo results to the in vivo situation, it should further be noted that tissue prepa-
ration, lack of oxygenation and perfusion and lower temperature can all influ-
ence quantitative MRI analyses.36-40 Although the reported absolute T2* values 
cannot be used directly for in vivo analyses of metastases, in the near future, 
maturation and clinical availability of T2* sensitive techniques such as body-
susceptibility weighted imaging41 may improve the exploitation of the intrinsic 
benign-malignant difference in nodal T2* shown here. In addition, the intrin-
sic T2* difference can be augmented by adding a contrast agent. MRI contrast 
agents based on USPIOs17, but also more generally available gadolinium-based 
agents, induce local magnetic field inhomogeneities.16 Because uptake of the 
agent in lymph nodes is hampered by metastatic invasion, contrast adminis-
tration shortens T2* primarily in healthy nodes. This effect would be additive to 
the intrinsic lengthening of the T2* in metastatic nodes.

This study has several limitations. For extrapolation of the result to the clinic, 
the most notable limitations are the long scanning times and the ex vivo set-
ting, including formalin fixation. The rationale for choosing the current set up 
was that by making maximal use of the available high field MRI technology, 
allowing ultra-high resolution imaging with homogenous B1 fields, optimal 
ex vivo imaging conditions would be created for analyzing potential intrinsic 
nodal benign-malignancy discriminators. The small number of nodes with 
micro-metastatic disease is another limitation. A final limitation is that the ROI 
measurements were performed by a single researcher. In this respect it should 
be noted however that the differences between benign and malignant no-
des for the various measurements performed in this study were small. It is not 
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expected that the differences would have increased if a larger number of rea-
ders had been used.

Practical Application

In conclusion, based solely on morphologic and parametric quantitative cha-
racteristics, without the use of contrast agents, discriminating metastatic from 
benign nodes is not straightforward, even under optimal imaging conditions 
and with high resolution imaging at 7T. Morphologically, a cortex thinner than 
3 mm showed a NPV of 91% for malignancy and a NPV of 95% for macro-me-
tastatic involvement. This measure could be used to diagnose benign nodes 
with reasonable likelihood. Axis-diameter, axis-ratios, volume and the presence 
of a fatty hilum were of no discriminative value. Of all quantitative parameters 
only T2* was significantly different. The T2* relaxation time constant was signi-
ficantly longer for metastatic nodes than for benign nodes, but on averaging 
over all patients, the divergence is only 3 ms, precluding an easy to implement 
single threshold value for diagnostic use. In the near future, techniques such as 
for example susceptibility weighted imaging, may increase the ability of MRI 
to discriminate healthy and metastatic lymph nodes based on the intrinsic T2* 
differences reported here. 
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Abstract

Purpose

To determine lipid composition of excised healthy and metastatic sentinel 
lymph nodes of breast cancer patients, as lipids are a potential discriminatory 
marker for malignancy. 

Materials and Methods

Ten breast cancer patients undergoing surgical nodal staging were included. 
1H-magnetic resonance spectroscopic images (MRSI) were acquired without 
water and lipid suppression [resolution 3.0x3.0x5.0 mm³]. MRSI was compared 
to histopathology. Six groups of lipid resonances (5.4-5.2, 4.3-4.1, 2.8, 2.3-2.0, 
1.6-1.3, 0.9 ppm) were identified. The intensity ratios of the total of these reso-
nances to this total including the water resonance, and of each lipid resonance 
to the total of all lipid resonances were determined. For statistical analysis, a 
mixed model was applied after logistic transformation. The results were ex-
pressed as ratios of the median values of these lipid compositions in metastatic 
to benign nodes. 

Results

6/32 (19%) of the excised nodes contained metastases. The ratios of the lipid 
resonances 5.4-5.2, 4.3-4.1, 2.8, 2.3-2.0, 1.6-1.3, 0.9 ppm between metastatic 
versus benign were 0.3, 1.2, 0.2, 0.2, 1.2, and 0.9, respectively. Only the ratios 
of signals from unsaturated fatty acids to the total lipid signal differed signifi-
cantly.

Conclusion

Metastatic axillary lymph nodes contained fewer unsaturated fatty acids than 
benign nodes. 7T 1H-MRS may be useful for detecting axillary breast cancer me-
tastases.
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Introduction

Breast cancer is the most common form of cancer and the leading cause of can-
cer related death in women in the western world.1,2 Axillary lymph node status 
is one of the most important factors determining prognosis in breast cancer pa-
tients.3-5 Assessment of nodal status currently requires surgical resection. This is 
usually performed by a sentinel lymph node biopsy.6 Complications of this pro-
cedure, such as lymph edema and impaired movement of the upper extremity, 
are less frequent than with traditional lymph node dissection but still occur in 
2.6-9.0% of patients.7-9 A non-invasive staging procedure would therefore be 
preferred, if such a procedure is equally accurate. 

Magnetic resonance imaging (MRI) techniques at traditional field strengths 
cannot discriminate benign from metastatic lymph nodes with sufficient accu-
racy.10,11 Contrast materials such as ultra-small particles of iron oxide (USPIOs) 
have not been clinically approved and morphological criteria alone are not suf-
ficient to discriminate benign from metastatic nodes.10-14 

Recently, 7Tesla (7T) MRI has been brought to the clinic. In previous studies 
human axillary lymph nodes with ex vivo high resolution 7T MRI were charac-
terized and preliminary results on the value of 7T MRI in breast cancer patients 
have been determined.15-18 Here we investigate 7T proton magnetic resonance 
spectroscopy (1H-MRS) of axillary lymph nodes of breast cancer patients as a 
potential for non-invasive nodal staging. 

Malignant tissues have an elevated phospholipid metabolism, resulting in 
high levels of phosphocholine and total choline-containing metabolites.19,20 Ad-
ditionally, malignancy has been associated with altered lipid composition.21-24 
As the lipid content in lymph nodes is orders of magnitude higher than choline 
compounds, the sensitivity in detecting these lipids is more favorable, hence 
potentially more applicable for in vivo measurements. 

Mobile lipid composition, detectable by proton MRS, has been associated 
with cancer and can thus serve as a potential biomarker.25,26 Lipids, amongst 
others, consist of fatty acids, which can be divided into fatty acids containing a 
carbon double bond (C=C; unsaturated fatty acids; UFAs) and fatty acids contai-
ning no carbon double bonds (saturated fatty acids). The prior group contains 
mono unsaturated fatty acids (MUFAs), i.e. fatty acids containing a single C=C, 
and poly unsaturated fatty acids (PUFAs), i.e. fatty acids containing several car-
bon double bonds. PUFAs are amongst others involved in the regulation of tu-
mor p53 signal, telomere shortening and tumor angiogenesis.21;24,25;27 A review 
by Das showed that PUFAs, by inhibiting superoxide dismutase, increase oxy-
gen radicals in tumor cells which causes apoptosis and that lower levels of un-
saturated fatty acids in tumor cells were observed.27 Previous research demon-
strates that fat composition, including PUFAs, may be a potential marker for 
differentiating benign from malignant tissue.21,22;25;28 These studies have been 
performed by high resolution-magic angle spectroscopy (HR-MAS), 13C-spec-
troscopy or using a large single voxel in proton MRS. These applied techniques 
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require biopsies, have a more than two orders lower sensitivity than 1H-MRS or 
are of low spatial resolution respectively.

Therefore in this study we compared the lipid composition of excised heal-
thy and metastatic sentinel lymph nodes of breast cancer patients on a clinical 
scanner using 1H-MRS images (1H-MRSI) with a high spatial resolution. We inves-
tigated if lipid composition could be used as a potential non-invasive discrimi-
natory marker for malignancy for future in vivo application. 

Materials and Methods

Harvesting of Lymph Nodes

This study was approved by the institutional review board and informed con-
sent was obtained from all patients. Ten consecutive female patients were in-
cluded. All patients were about to undergo surgical nodal staging for the work-
up of a histologically proven breast cancer of more than 2 cm in diameter (stage 
≥T2) as determined on mammography or ultrasound. Patients receiving neo-
adjuvant chemotherapy or radiation therapy prior to surgery were excluded. 
Immediately following the operation, the nodes were fixed in formaldehyde for 
24 hours. 

MRI Protocol

During 7T MRI (Philips Health Care, Cleveland, USA), using a transmit/receive 
head coil with a 16 channel receive coil (Nova Medical Systems, Wilmington, 
MA, USA), the nodes were submersed in fomblin to provide susceptibility mat-
ching.29 Next, the nodes were stitched onto a plastic grid to assure consistent 
shape and orientation. The nodes were scanned at room temperature, i.e. at 21 
degrees Celsius. The scan protocol consisted of a high resolution 3D T1 weighted 
(T1w) fat-suppressed fast field echo (fsFFE; i.e. gradient echo) [TR/TE 158/5.59 
ms, flip angle 35˚, FOV 23.6x110x110 mm, resolution 0.18 mm isotropic] used 
for image registration to pathology; 3D 1H-MRSI without water and lipid sup-
pression [TR/TE 1000/118, carrier frequency at 3.2 ppm, resolution 3.0x3.0x5.0 
mm³, bandwidth 4000 Hz, FOV 96x96x25 mm³] and a low resolution multislice 
T1w fsFFE [TR/TE 158/2.4ms, flip angle 35˚, FOV 96x96x25 mm³, resolution 1.0 
mm isotropic] which served as background images for 1H-MRSI.  

Histopathological Analysis

Pathological examination was performed according to standard protocol by an 
experienced pathologist who was blinded to the results of the MRI. The majori-
ty of surrounding axillary fatty tissue was removed. Subsequently, for MRI to pa-
thology registration, the nodes were dyed to permanently mark the sides which 
were superior (black dye) and left (green dye) on the MR images. These dyes 
remained visible during pathological processing. The nodes were sliced in 4 
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mm sections perpendicular to their longest axis and numbered. Next they were 
paraffin embedded and five 4 μm thick slices were cut from each 4 mm block 
and subsequently stained with Haematoxylin & Eosin (H&E). All H&E stained sli-
des were assessed by the same pathologist and each abnormality was noted. If 
metastases were present, they were classified as either macro-metastases, de-
fined as a metastatic depot of more than 2 mm in size, or as micro-metastases, 
defined as a metastatic depot of 0.2 mm-2 mm in size. For the purpose of mat-
ching with MRI, digital pictures of all slides were obtained at a 1.5 magnification 
with a digital camera (Leica, Rijswijk, The Netherlands) mounted on top of a 
standard microscope (Leica). 

MRI Analysis

The high resolution 3D T1w imaging (voxel volume 5.8 nL) allowed reconstruc-
tion along arbitrary planes. This enabled accurate matching of the MRI data to 
the sectioning plane of the microscopic pathology slides.15 The 1H-MRSI data in 
turn were matched to the high resolution 3D T1w images. Both images were 
acquired in the same orientation and could both be reconstructed in all planes 
which facilitated adequate matching. Additionally the grid of the spectroscopy 
voxels was shifted in order to acquire the highest amount of lymph node tissue 
per voxel and to minimize partial volume effects. Only voxels containing nodal 
tissue were included. The content of the MRSI voxels was visually classified into 
two categories, 1) metastatic and 2) benign. The benign voxels were subdivided 
in 2a) benign with more than 25% nodal tissue, 2b) benign with more than 75% 
lipid tissue, 2c) benign with less than 25% nodal tissue and less than 75% lipid 
tissue (i.e. also lymph-or blood vessels or fibrosis). For all selected voxels, the 
signal integral was calculated of water and of 6 distinct groups of lipid resonan-
ces (i.e. at 5.4-5.2, 4.3-4.1, 2.8, 2.3-2.0, 1.6-1.3 and 0.9 ppm) using 3DiCSI.30 The 
ratio of the total of all lipid peaks to the total of all lipid peaks plus the H2O peak 
was calculated. Consequently, voxels with less than 10% fatty content were ex-
cluded from analysis in order to guarantee sufficient discrimination from noise. 

Statistical analyses

The ratio of each single lipid peak to the total of all lipid peaks was deter-
mined. This ratio will by definition be limited between zero and one, potentially 
producing skewed distributions at either end of this scale. To achieve a more 
normal distribution a logistic transform, f(x) = log(1/(1-x)), was subsequently 
performed as this resolves skewness at both ends, i.e. near zero and near one. 
Next a statistical analysis was performed by means of a linear mixed model af-
ter the logistic transformation of these data. The mixed model properly takes 
the statistical clustering of voxels within nodes and of nodes within patients 
into account. Results from the analyses on the transformed outcome scale were 
translated back to the original scale. Most lipid ratios are distributed at the lo-
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wer end, where the logistic transform is very similar to the log transform. An 
absolute mean difference between metastatic nodes to the benign nodes on 
the log scale, translates back to a ratio of medians on the original scale, if the 
log transformed variable follows a normal distribution. Using the above menti-
oned similarity of the logistic transform to the log transform for these data, we 
expressed the absolute mean effects of metastatic versus benign nodes on the 
logistic outcome scales as ratios of medians on the original scales. The results 
were thus expressed as ratios of the median values of the fractions of the lipid 
resonances in the metastatic nodes to the benign nodes after logistic transfor-
mation. P-values <0.05 were considered significant.

Phantom measurement

To rule out an effect of fixation by formaldehyde on the lipid content, lipid pro-
ton spectral analysis was performed on a phantom consisting of olive oil (100 
ml) and egg yolk (5 ml) without and with formaldehyde (50 ml) at 24 hours. The 
phantom measurements were performed and analyzed similarly as the lymph 
node measurements.

Results

All ¹H-MRSI measurements were of sufficient quality for analysis. 32 nodes were 
excised from 10 patients. A total of 6 nodes (19%) from 4 patients contained 
metastases of which 2 nodes contained micro-metastases (3 voxels) and 4 no-
des macro-metastases (13 voxels). Of the 32 nodes, 358 voxels were analyzed 
and all could be matched to pathology (figures 1A and B). Two voxels contained 
<10% lipid content. Of 356 voxels, 16 (5%) contained metastases. 173 voxels 
(49%) contained >25% nodal tissue, 24 voxels (7%) contained ≥75% lipid tissue 
and 143 voxels (40%) less than 25% nodal tissue and less than 75% lipid tissue. 

7T 1H-MRSI is able to detect saturated, unsaturated fatty acids and PUFAs, 
independent of the total lipid content (figures 1C-E). Only the resonances at the 
5.4-5.2, 2.8 and 2.3-2.0 ppm range (table 1, figure 2) were significantly different 
between benign and metastatic lymph nodes. Protons of UFAs exclusively reso-
nate at these frequency ranges. 

There were no significant differences found when the subcategories of the 
benign voxels were compared to each other and to the metastatic voxels. The 
phantom measurements with and without formaldehyde showed a less than 
10% variation. 
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Table 1. P-value of the individual lipid peaks defined as ratios of the median values of all metastatic no-
des in respect to the median value of all benign nodes as a ratio of the total of all lipid peaks following 
logistic transformation. – and + 95%CL = lower and upper confidence limit. Defining a p-value <0.05 as 
significant, the lipids resonances at 5.4-5.2, 2.8 and 2.3-2.0 ppm are significantly less present in metasta-
tic nodes than in benign nodes.

Ratio - 95% CL + 95% CL p-value

Total fat/ Total fat +water 1.0 0.9 1.1 0.7
I 5.4-5.2 ppm 0.3 0.2 0.8 0.01
II 4.3-4.1 ppm 1.2 0.7 1.8 0.5
III 2.8        ppm 0.2 0.06 0.8 0.02
IV 2.3-2.0 ppm 0.2 0.09 0.6 0.005
V 1.6-1.3 ppm 1.2 0.5 2.8 0.7
VI 0.9        ppm 0.9 0.5 1.6 0.7

Figure 1. Proton MR spectroscopy of a metastatic lymph node. 3D T1w MR image (180 µm 
isotropic resolution) (A) and corresponding H&E stained histopathology slide (B) depicting a 
macro-metastasis, which is visible in figure B only (encircled). The lymph nodes were visually 
co-registered. A spectrum of the metastatic area of the node, from a voxel categorized as meta-
static, (C) depicts contributions of unsaturated fatty acids (I, IV) and saturated fatty acids only (II, 
V, VI). A spectrum of a non-metastatic area of the node, a voxel categorized as containing >25% 
nodal tissue, (D) depicts the same lipid peaks. (E) is zoomed in on the poly unsaturated fatty acid 
peak at 2.8 ppm (III).
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Discussion

This study was designed to assess the potential of non-invasive discrimination 
between metastatic and benign axillary lymph nodes using 7T 1H-MRSI ex vivo. 
High resolution MR images of excised nodes of breast cancer patients were co-
registered to pathology slides. The small spectroscopy voxel volume (0.045 ml) 
allowed detection of lipid composition in all lymph nodes. 7T 1H-MRSI was able 
to detect saturated fatty acids and UFAs, including PUFAs. MRSI imaged the li-
pid composition of tissues and was used to quantify the structural identity of 
fatty acids. Six groups of lipid peaks were identified in the acquired spectra; 
methine protons at 5.4 ppm and at 5.2 ppm, protons from the methylene gly-
cerol backbone at 4.3 and 4.1 ppm, a small PUFA peak at 2.8 ppm, methylene 
protons between 2.0 and 2.3 ppm and at 1.6 and 1.3 ppm, and methyl protons 
at 0.9 ppm. The lipid resonances at 5.4-5.2, at 2.8 and at 2.3-2 ppm exclusively 
include proton spins which are connected to at least one carbon double bond, 
-CH=CH-, =CH-CH2-CH= and -CH2-CH=CH-CH2- respectively, and thus origi-
nate from UFAs.25 The other lipid resonances (4.3-4.1, 1.6-1.3, and 0.9 ppm) origi-
nate from both saturated and unsaturated fatty acids and the glycerol backbone. 

Figure 2. Box and whisker plot indicating the median value of each single lipid peak as a ratio to the 
total of all these lipid peaks and the median value of the total of all lipid peaks as a ratio to this total plus 
water. This is depicted for all voxels with metastatic content (malignant, n=16) and for all voxels without 
metastases (benign, n=340) following logistic transformation and linear mixed model analysis, which 
corrects for clustering of data. The thick horizontal line in the box plots indicates the overall median, 
p=50, value. The boxes are defined by the p=25 and the p=75 values, the inter quartile range. Half of all 
data points are contained within the box. The outer dimensions of the box plot, the whiskers, depicted 
by the dotted line and the thin horizontal line, indicate the minimum and maximum data values up 
to a maximum of 1.5 times the inter-quartile range. If data points are present outside these maximum 
values, the points are indicated as dots. The lipid peaks 5.4-5.2 ppm, 2.8 ppm and 2.3-2.0 ppm differed 
significantly between the benign and malignant group.
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Figure 2. Box and whisker plot indicating the median value of each single lipid peak as a ratio 

to the total of all these lipid peaks and the median value of the total of all lipid peaks as a ratio 

to this total plus water. This is depicted for all voxels with metastatic content (malignant, 

n=16) and for all voxels without metastases (benign, n=340) following logistic transformation 

and linear mixed model analysis, which corrects for clustering of data. The thick horizontal 
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1.5 times the inter-quartile range. If data points are present outside these maximum values, the 
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significantly between the benign and malignant group. 
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This study shows a significantly lower concentration of all ¹H-resonances related 
to UFAs in metastatic nodes in respect to UFAs in benign nodes as a ratio of the 
total lipid content.

These results are in accordance with a study performed by He et al. who de-
tected lower PUFA levels in breast cancer compared to healthy tissue.24 Howe-
ver, contradictory results have also been reported. Victor et al. reported lower 
MUFAs and higher PUFAs in cancer tissue compared to benign tissue.21 

The results presented here can be seen as an indication that changes in lipid 
composition between metastatic and healthy axillary lymph nodes especially 
concern UFAs.  A limitation of the study is that there are partial volume effects 
leading to potential lipid signal intensities which could have originated from 
voxels outside the node (point spread function of the CSI reconstruction). Ho-
wever these partial volume effects have been minimized by the applied Ham-
ming filter, the grid shifting, the macroscopic dissection of extranodal fatty 
tissue, the accurate pathology-MRI correlation and sufficiently small voxel size. 
Nonetheless the results shown in this study indicate a significant difference in 
lipid composition between nodes.

Another potential limitation is that these data have been obtained in an ex 
vivo condition, lacking oxygenation, perfusion and metabolism; however these 
conditions are not expected to have altered the lipid composition. Additionally, 
lymph nodes had been fixed in formaldehyde, but the phantom measurements 
showed a negligible effect of fixation by formaldehyde. Therefore, it is not ex-
pected that fixation by formaldehyde will have affected the quantitation in the 
present study. It has been reported however that temperature can affect the 
mobile lipid resonances.31 The reported changes were measured in brain tu-
mors and the temperature effects were studied at 0 and at 37 degrees Celsius. 
The effect of room temperature on excised lymph nodes is unknown and this 
should be studied further.

In this study susceptibility matching and long echo time MRSI have been 
used to obtain well distinct lipid resonances with a flat spectral baseline. Antici-
pating on translation to in vivo MRS, an echo time was chosen  that enables the 
inclusion of very selective MEGA water and lipid suppression techniques (i.e., 
only suppressing  the very large resonances of lipids at 1.3 ppm and water at 
4.7 ppm).18  As ¹H-MRS was performed on a clinical scanner, the next step could 
be to verify these ex vivo results in vivo. In that case, baseline distortions need 
to be considered, which can be minimized using full echo sampling, rather than 
half echo sampling as performed in this study.32,33 Likewise, dedicated RF coils 
need to be designed to provide sufficient SNR. In addition to the lipid composi-
tion, choline could also be analyzed in lymph nodes in vivo when staging breast 
cancer patients non-invasively. In this study this was not performed as the lipid 
composition was of primary interest and formaldehyde fixation affects choline 
metabolism.34
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For further lipid composition analysis ex vivo 13C spectroscopy could be con-
sidered. This technique would allow further discrimination of the lipid resonan-
ces, such as the distinction between n-3 PUFA’s and n-6 PUFAs. Several studies 
have shown an inverse correlation for the risk of breast cancer to the quantity of 
(n-3) PUFAs. N-3 PUFAs have been found to suppress cancer whereas n-6 PUFAs 
promote cancer development.35-38

In conclusion, ex vivo 1H-MRS at 7T of saturated fatty acids, MUFAs and PUFAs 
in axillary lymph nodes of breast cancer patients shows significantly lower rela-
tive signal intensities related to UFAs in lymph nodes containing breast cancer  
metastases as compared to healthy nodes. This indicates that 7T MR spectrosco-
py may be potentially useful in vivo to detect axillary breast cancer metastases.
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Introduction

Axillary lymph node status is one of the most important factors determining 
prognosis in breast cancer patients. Assessment of nodal status currently re-
quires surgical resection. The development of a non-invasive procedure that 
can spare patients unnecessary surgery would be an important improvement.  
Morphological MRI criteria alone are not sufficient to discriminate benign from 
metastatic nodes. Recent studies have shown the potential of saturation pre-
pared methods for discriminating benign from malignant tissues.1,2 This study 
explores the possibility of utilizing high resolution magnetization transfer (MT) 
and chemical exchange saturation transfer (CEST) measurements on a clinical 
7T MR system as a tool to discriminate healthy from metastatic dissected lymph 
nodes of breast cancer patients. Each MR image was meticulously correlated to 
microscopic pathology images on a node-to-node basis. This allowed for selec-
tion of regions of interest within a node and avoiding inclusion non-nodal tissue.

Materials and Methods

27 consecutive female patients about to undergo surgical nodal staging for the 
work-up of a histologically proven breast cancer were included. Following the 
operation, the nodes were fixated in formaldehyde for 24 hours. During scan-
ning the nodes were submersed in fomblin to provide susceptibility matching. 
All scans were performed on a 7T MRI scanner (Philips Health Care, Cleveland, 
USA), using a transmit/receive head coil with a 16 channel receive coil (Nova 
Medical Systems). The scan protocol included a 3D T1 weighted (T1w) fat-sup-
pressed fast field echo (gradient echo, fsFFE) with a 0.18 mm isotropic reso-
lution for anatomic correlation and a MT weighted FFE [TR/TE 8.4/4.0 ms, flip 
angle 15˚, FOV 24x110x110 mm, resolution 1 mm isotropic, MT saturation pulse 
flip angle/ maximum BW 750˚/400 Hz]. The frequency of the saturation pulse 
was varied from -2800 to 2800 Hz with respect to the water frequency, in steps 
of 200 Hz, 30 dynamic scans. Pathological processing and examination were 
performed by an experienced pathologist. To maintain an accurate correlation 
of MRI to pathology, marks using black dye and digital pictures were used to 
track the MRI slice to the microscopic pathology slides. The high resolution 3D 
T1w scan (voxel volume 5.8 nL) allowed reconstruction along arbitrary planes. 
This enabled accurate matching of the MR images to the sectioning plane of 
the microscopic pathology slides and subsequently to the MT data set. The MT 
data set was corrected for field inhomogeneities using the WASSR method.3 
Maps of the magnetization transfer rate (MTR, the signal change determined 
at 2800 Hz), and the amide proton transfer (APT, the signal change asymmetry 
determined at +/- 1042 Hz) were calculated for healthy and metastatic nodes. 
Using the microscopy slides for reference, ROIs were drawn to select voxels that 
encompassed only lymph node tissue. Results were analyzed for statistical sig-
nificant differences by means of a Mann Whitney test. 
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Results

Of 27 patients 66 nodes were excised. 24 nodes (36%) of 14 patients contained 
metastases. Of the 24 nodes with metastases 4 (17%) contained micro- 
metastases (tumor depositions <0.2 mm). All nodes were successfully correlated 
to pathology. The mean APT difference was 0.0073 (±0.02 SD) for healthy nodes 
and 0.012 (±0.01 SD) for metastatic nodes. This was not statistically significantly 
different (figure 1). The mean MTR at 2800 Hz was similar for both groups; 0.87 
(±0.038 SD) for healthy nodes and 0.86 (±0.03 SD) for metastatic nodes. This was 
not statistically significantly different (figure 2). An example of a node; histopa-
thology slide correlated to high resolution MR image and MTR map, is shown in 
figure 3.

APT effect of excised lymph nodes of breast cancer patients
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Figure 1. Amide proton Transfer (APT) of all metastatic and healthy nodes. There is a large overlap of the 

measured APT values between both groups, resulting in non significant differences. 

Figure 1. Amide proton Transfer (APT) of all metastatic and healthy nodes. There is a large overlap of the 
measured APT values between both groups, resulting in non significant differences.
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MTR at 2800Hz of excised nodes of breast cancer patients
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Figure 2. Magnetization Transfer Rate (MTR) at 2800Hz of all metastatic and healthy nodes. The measured 

values are similar for both groups. 

Figure 2. Magnetization Transfer Rate (MTR) at 2800 Hz of all metastatic and healthy nodes. The mea-
sured values are similar for both groups.

Figure 3. Healthy lymph node depicted on (A) H&E stained histopathology slide, (B) corresponding 3D 
T1w FFE scan and (C) Magnetization Transfer Rate Map. Efferent lymph vessels (arrows), fatty areas (rec-
tangle) which are dark on the fat-suppressed MRI sequence and small intranodal capillaries (oval) which 
are dark on MRI due to the susceptibility effect of hemoglobin content are depicted in figures A and B.

Discussion

This research method was designed to assess the feasibility of in vivo discrimi-
nation between malignant and normal lymph nodes using a MT sequence on 
a clinical 7T MR scanner. Prior in vivo studies have shown promising results for 
saturation prepared methods for discriminating benign from malignant tissues, 
but using lower resolution and therefore less precise comparison to pathology.2  
In this study, MR images were meticulously correlated with pathology slides, fa-
cilitating an accurate distinction of fat, metastases and normal lymphatic tissue. 
Additionally, the MT voxel size was very small (1 mm³). Therefore hypothetically 

A B C
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small local effects could be detected. The results however show no significant 
changes in quantitative values for both APT and MTR in normal lymph node 
tissue as compared to metastatic lymph node tissue. For APT this effect could 
have been expected as the pH of excised tissue is lower than in in vivo tissues 
and APT is known to be sensitive to pH.  Nevertheless in this ex vivo study also 
no significant changes or differences were shown regarding MTR. It remains 
unclear whether this is the result of cross-linking of the tissue during fixation 
or whether the differences in cellular density in these metastases are too small 
to detect. 
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Introduction

Histopathology is the current-day reference standard for medical diagnosis. In 
radiology the correlation of images to histopathology is crucial for image inter-
pretation. Acquiring material for histopathologic examination requires an inva-
sive procedure. New advancements in imaging techniques have increased the 
potential to diagnose diseases non-invasively.1 Assessment of how reliable ima-
ging techniques differentiate between normal and pathologic tissue can po-
tentially decrease the need for diagnostic confirmation by invasive procedures.

In order to do so, knowing precisely which features of a tissue on imaging 
correspond to which features of the tissue on histopathology is important. Iden-
tifying what specific features of a diagnostic image correlate to histopathology, 
requires a common frame of reference for both imaging modalities.2-6 The ac-
curacy of defining a common frame of reference depends mainly on how ac-
curate corresponding features can be selected in each image.7,8 Similar features 
intrinsic to the imaged tissue can be selected through geometric segmentation 
approaches, like anatomical landmark or control points9-12, matching surfaces13, 
or by intensity approaches using voxel based intensity patterns.14 

When the physics behind the imaging modalities to be compared is very dif-
ferent, or when geometrical distortions are different and uncontrollable, a fidu-
ciary marker can be used to increase the level of information similarity indepen-
dently of the actual anatomy. For the correlation of magnetic resonance (MR) 
imaging with pathology, previous studies described marker systems for the use 
in porcine muscle15, rabbit muscle16 and tumor bearing mice17, using injectable 
MR visible paint, MR compatible needles and Teflon rods, respectively.

Cactus spines are another fiducial which have been in use before the large 
scale introduction of diagnostic imaging, amongst others by pathologists to 
accurately stack sequential images acquired by confocal microscopy.18 For work 
in this thesis cactus spines were examined as a simple fiduciary marker, because 
they are small enough to be used in ex vivo lymph nodes and they are visible 
on both MRI and pathological analysis, without distorting MR images or micro-
scopic sectioning. In the following section the cactus spines were studied as 
fiduciary markers for ex vivo lymph node imaging.

Materials and Methods

From December 2008 until July 2009, all female patients with histologically 
proven invasive breast cancer of at least 2 cm in diameter were consecutively 
included. Sentinel lymph node biopsy (SLNB) was performed in all patients by 
an experienced surgeon as part of the staging procedure for breast cancer. 
After removal, the nodes were immediately put on formaldehyde, for at least 
10 hours. A single cactus spine, freshly cut from Echinocactus grusonii, was in-
serted in each node (figure 1). The nodes were stitched onto a plastic grid for 
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immobilization during scanning (figure 2). During MR imaging the nodes were 
submersed in fomblin (Solvay Solexis, Bollate, Italy) to prevent susceptibility ar-
tifacts. (figure 3)

Figure1. Echinocactus grusonii, of which the spines were 
used as extrinsic fiducial markers for ex vivo 7T lymph node 
MR imaging.

Figure 2. The nodes were 
stitched onto a plastic grid 
and submersed in fomblin 
for immobilization during 
scanning. This fixed position 
and the shape of the grid 
facilitated correlation of MR 
images to histopathology. 
The horizontal and vertical 
lines of the grid were used 
as longitude and latitude 
lines.  The location of the 
nodes in the scanner could 
be noted precisely.
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MRI

On a human 7T MRI scanner (Philips Health Care, Cleveland, USA), using a 
transmit/receive head coil with a 16 channel receive coil (Nova/Philips Medi-
cal Systems, Cleveland, USA), high resolution, 3D fat-suppressed T1 weighted 
fast field echo (fsFFE) data sets were acquired [TR/TE 158/5.59 ms, flip angle 
35˚, FOV 23.6x110x110 mm³, acquired resolution 180 µm isotropic, scan time 
approximately 3 hours and 15 minutes]. Morphologic MRI analysis was done 
using in-house software created in MATLAB (Mathworks, USA) and consisted of 
discerning the cactus spine from the intranodal anatomy.

Histopathology

The nodes were sliced into 4 mm sections perpendicular to their longest axis. 
Next, they were paraffin embedded and five 4 μm thick slices were cut from 
each 4 mm block at 250 μm intervals and subsequently stained with Haema-
toxylin & Eosin (H&E), and when negative, by CAM5.2, an antibody against cy-
tokeratin (Becton-Dickinson, San Jose, Calif ) immunohistochemistry.19 Intrano-
dal morphology was assessed and any abnormality, either intrinsically to the 
lymph node or induced, was noted. 

If metastases were present, they were classified as either macro-metastases, 
defined as a metastatic depot of more than 2 mm in size, or as micro-metasta-
ses, defined as a metastatic depot of 0.2 mm-2 mm in size or as isolated tumor 
cells, defined as a single tumor cell or a cluster of tumor cells < 0.2 mm in size. 20

Figure 3. The nodes were 
stitched onto a plastic grid and 
submersed in fomblin for im-
mobilization during scanning. 
The grid was weighted down 
by two taped plastic cups to 
prevent drifting of the nodes 
during the long scanning se-
quences.
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MRI and histopathology correlation

To maintain an accurate correlation of MRI with pathology, a detailed map was 
drawn noting the location of the individual lymph nodes as they were situat-
ed in the MRI scanner on the plastic grid. The horizontal and vertical lines of 
the grid were used as longitude and latitude lines (figure 2). The nodes were 
numbered on this map. After removal of each individual node, it was dyed to 
permanently mark the sides which were superior (black dye) and left (green 
dye) according to the MR images (figure 4). These dyes remained visible during 
pathological processing (figure 5 and 6). For the purpose of matching with MRI, 
digital pictures of all slides were obtained at a 1.5 magnification with a digital 
camera (Leica, Rijswijk, The Netherlands) mounted on a standard microscope 
(Leica). Using the numbered topographic map and the inked surfaces, histopa-
thology slides were matched and oriented to its correct MRI counterpart. The 
3D MRI scans allowed reconstruction in arbitrary image planes to match the 
plane in which the lymph node was sliced.

Figure 4. An example of an axil-
lary lymph node dissection. The 
axillary tissue, consisting of fat 
and lymph nodes, is attached 
to the grid. One lymph node 
is excised from this tissue and 
is subsequently dyed to note 
the orientation of the lymph 
node as it was positioned in 
the MR scanner. The superior 
side of the lymph node was 
dyed black.

Figure 5. The dyed nodes were 
sliced in 4 mm thick sections, 
which were placed in separate 
cassettes. The cassettes were 
numbered and the location of 
each node in a cassette was 
noted. The numbered cassettes 
were matched to the nodes 
which had been numbered 
according to the location of 
the nodes in the MR scanner 
as they were stitched on the 
plastic grid.
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Results

42 nodes were harvested during the SLNB procedures and subsequently 
scanned and examined pathologically. On the MR images the cactus spine in 
the lymph node could be readily identified in all nodes (figures 7B, 8B, 9B,10B and 
11B). Visually nodal geometry was not affected by the cactus spine in any node 
and no susceptibility artifacts were noted. On histopathology images the gross 
nodal geometry remained intact as well. Small deformations were noted paral-
lel to the needle in 8/42 nodes (figure 10A). These deformations can be explained 
by the small volume occupied by the cactus spine in the nodal tissue. Technical-
ly, the deformations did not interfere with microscopic analysis. Also, the pres-
ence of the cactus spine did not interfere with H&E and immunohistochemical 
staining. Visual correlation between MRI and histopathology is shown in figures 
7-11: with the use of the cactus spine as a fiduciary, pathologic-anatomic ar-
chitectural features of the cortex and medulla, such as small blood vessels and 
intranodal capillaries, could be correlated to MRI features.

Discussion

Cactus spines in ex vivo lymph nodes can be used as a fiduciary marker system 
for correlating intranodal MRI features to histopathology. MR imaging of lymph 
nodes is not compromised by the insertion of cactus needles. Histopathologic 
processing is affected only minimally, due to the occupation of a small volume 
by the cactus needle in the lymph node tissue. Nonetheless, histopathological 
analysis is not affected.

Previous studies described different fiduciary marker-solutions for MRI-pa-
thology correlation, such as the use of MRI compatible needles, which has led 
to accurate results in rabbit muscle.21 However, this has the disadvantage that 
the needles need to be removed before microtoming.

Figure 6. A lymph node cut in 4 mm 
sections which has been paraffin em-
bedded in a cassette. The dye remains 
visible.
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A stereotactic system using 22-gauge teflon angiographic catheter sheaths 
as fiduciaries has also been suggested.22 Teflon, like cactus spines, is not para-
magnetic and therefore causes no susceptibility artifacts. The softness of teflon 
allows the rods in frozen or paraffin embedded tissue to be sectioned by a mi-
crotome, but in this process the Teflon sheaths are often lost, leaving holes in 
the tissue.

Injectable acrylic paints containing MR visible inorganic pigments have been 
used as well. They have been injected in vivo in rabbit thigh muscle and human 
breast cancer which was implanted in mice.23 These internal paint drops offer 
an advantage over MRI compatible needles and teflon angiographic catheter 
sheaths in that they experience the same amount of shrinkage and distortion 
during pathologic processing as the tissue and are injected in vivo. However, 
similar to our method, non-linear artifacts are seen on the microtomed slices 
around the acrylate based paint drops. Furthermore, these markers were noted 
to create a susceptibility artifact on MR images leading to an overestimation of 
the actual size, which increases with magnetic field strength.

Figure 7-11:  Correlation of T1 weighted fat-suppressed fast field echo 7T MR images (0.18 mm thick 
slices) to histopathological H&E stained slices (1.5x magnification). Fig. 7. A lymph node with metastases: 
the low signal intensity cactus spine (in cross-section, circle) allows for correlation of the MR image with 
the histopathologic image, despite the lack of contrast between metastatic and non-metastatic tissue in 
the T1 weighted MRI data. On the histopathology slide metastatic (thin black arrow) and non-metastatic 
tissue (thin white arrow) can be identified. Fig. 8 and 9 show a cactus spine inserted through the lymph 
node cortex (circle). From the volumetric MRI data set, the corresponding 2D image plane could be visu-
ally selected using the cactus spine as an anchor point. Cortical detail (black arrows), which on MRI could 
either be fatty tissue or blood vessels, was shown to correlate with small blood vessels using the cactus 
spine as a reference. The blood vessels are filled with erythrocytes, causing a susceptibility difference, 
which explains the low signal intensity. Fig. 10A. Parallel to the cactus spine (black circle) a microtomy ar-
tifact is seen on the pathology image. This is induced by refractive index differences between nodal tis-
sue and cactus spine. Gross nodal morphology however remains intact. Intranodal capillaries (black ar-
rows) can also be accurately identified. Fig. 11. A lymph node with a cactus spine (circle) inserted in the 
cortex. Fig. 11C. Phase-contrast microscopy showing the different refractive index of the cactus spine. 
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In this context, cactus needles offer an advantage because they do not 
create MR susceptibility artifacts and because they can be left in situ during 
pathological processing of the lymph nodes. Similar to other studies24-27, we 
also found that the presence of the cactus needle induced small deformations 
during pathological processing. Deformations during pathological processing 
are a prominent factor causing difficulties in MRI-histopathology correlation, 
as reported in other studies.28 The small deformations that we experienced, did 
not compromise microscopic analysis and subsequent correlation with MRI. 
Thinner cactus spines, like younger spines29 or spines from a different cactus 
species, could further mitigate this problem.

The correlation accuracy of our method has not been quantitatively deter-
mined. It would be desirable to assess the exact accuracy of any correlation 
method. However, our application of cactus needles on high resolution 7T MR 
images of ex vivo lymph nodes allowed us to correlate small intranodal details 
with histopathology, satisfying the requirements for our research project and 
qualitatively demonstrating a high level of accuracy.

Appendix

Using this qualitatively accurate correlation method, it was found that ultra-high 
field MR imaging can detect more lymph nodes in an axillary lymph node spe-
cimen than routine histopathology imaging.30 The advantages of MR imaging 
are that the entire specimen is visualized in 180 µm isotropic voxels, whereas 
histopathology images are acquired of a section of interest (macroscopically 
identified by palpation or visualization) of which various numbers of 4 µm thick 
slices are acquired. The current pathology practice is not to cut an entire spe-
cimen in 4 µm thick slices. Therefore MRI could be an aid to histopathology for 
identifying less readily discernable lesions, such as small lymph nodes in a fatty 
axillary lymph node dissection specimen. 

Subsequently this ex vivo nodal correlation method also served to correlate 
the axillary lymph nodes of breast cancer patients in vivo who were about to 
undergo a sentinel lymph node biopsy, which we imaged at 3T. The result of 
that study is described in chapter 5. For in vivo 3T axillary lymph node imaging, 
an MRI marker grid of vitamin D capsules was applied to the axilla. This grid of 
capsules was also drawn, dot-for-dot, on the skin of the axilla with waterproof 
ink. The dots functioned as coordinates on a map providing a direct correlation 
to the MR images that remained visible during surgery (figure12). For all excised 
nodes, the anatomical level and the position of the nodes with respect to the 
MRI marker grid was noted on a map of the axilla. To aid in the node-to-node 
matching of in vivo imaging and subsequent pathologic examination, the ex-
cised nodes were scanned at 7T prior to histopathological processing. Due to 
the detailed anatomic 7T imaging of the excised nodes with accurate correla-
tion to histopathology, in combination with the noted location of the surgical 
excision and the 3T in vivo MR images, an accurate histopathology to in vivo MR 
imaging correlation was feasible as well.
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Figure12. MRI marker grid. A) Grid of axillary skin-markings visible during surgery (blue dots) corres-
ponds to the location of spheres in the deformable MRI marker grid (B). For example: the arrow identifies 
marker “A2”as visible during surgery and as visible during MRI. The white circle indicates the site of the 
primary tumor during surgery, and the corresponding location of the spiculated tumor visible in the 
MRI cross-section of the 3D T1 weighted fast field echo scan.

A B
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Abstract

Objectives

To evaluate the feasibility of 7T breast MRI by determining the intrinsic sensiti-
vity gain compared to 3T in healthy volunteers and to explore clinical applica-
tion of 7T MRI in breast cancer patients receiving neo-adjuvant chemotherapy 
(NAC).

Materials and Methods

In five volunteers the signal-to-noise ratio (SNR) was determined on proton 
density MRI at 3T using a conventional 4 channel bilateral breast coil and at 
7T using a dedicated 2 channel unilateral breast coil, both obtained at iden-
tical scan parameters. Subsequently consecutive breast cancer patients on 
NAC were included. The 7T breast MRI protocol consisted of diffusion weigh-
ted imaging, 3D high resolution (450 µm isotropic) T1 weighted fat-suppressed 
gradient echo sequences and quantified single voxel 1H-MRS. Morphology was 
scored according to the MRI BIRADS-lexicon and the images were compared to 
3T and histopathologic findings. Image quality was evaluated using a five-point 
scale.

Results

At 7T a 5.7 fold higher SNR was measured than at 3T, which reflects the advan-
tages of a higher field strength and the use of optimized RF coils.

Three breast cancer patients were included and received a total of 13 7T MRI 
exams. The image quality of the high resolution exams was at least satisfactory, 
and good to excellent in 9 out of the 13 exams performed. More anatomical 
detail was depicted at 7T than at 3T. In one case a fat plane between the muscle 
and tumor was visible at 7T, but not at the clinically performed 3T exam, sug-
gesting that there was no muscle invasion, which was confirmed by pathology. 
Changes in tumor apparent diffusion coefficient values could be monitored in 
two patients and were found to increase during NAC, consistent with published 
results from studies at lower field strengths. ADC values increased respectively 
from 0.33·10-3 mm²/s to 1.78·10-3 mm²/s after NAC and from 1.20·10-3 mm²/s to 
1.44·10-3 mm²/s during NAC. Choline (Cho) concentrations as low as 0.77 mMol/
kgwater could be detected. In one patient Cho levels showed an overall decrease 
from 4.2 mMol/kgwater to 2.6 mMol/kgwater after NAC and the tumor size de-
creased correspondingly from 3.9x4.1x5.6 cm³ to 2.0x2.7x2.4 cm³. All 7T MRI 
findings were consistent with pathology analysis. 

Conclusion

Dedicated 7T breast MRI is technically feasible, can provide more SNR than at 
3T, and has diagnostic potential. 
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Introduction

Breast cancer is the most common form of cancer in women worldwide.1 Treat-
ment of breast cancer is still largely based on staging. Therefore precise know-
ledge of the size of the index lesion and knowledge of the presence of multi-
centric or multifocal disease is necessary. For this purpose MRI can be used as 
it is more sensitive than other conventional imaging techniques for diagnosing 
both multifocal and multicentric disease and for assessing the tumor morpho-
logy and -extent in three dimensions, especially in dense breast parenchyma.2-4  

 Previous studies have reported that contrast-enhanced MRI (CE-MRI) has a 
sensitivity for invasive breast cancer detection of 81% to over 90%, but a speci-
ficity of only 72%.5-8 In addition to CE-MRI, different functional MRI techniques, 
such as diffusion weighted MRI (DWI) and MR spectroscopy (MRS), are being 
used to increase specificity. In particular these techniques have shown promise 
for monitoring treatment efficacy.9-11 However, DWI and MRS have a relatively 
low spatial resolution using conventional clinical MR systems of 1.5 or 3Tesla 
(T). Higher field strengths, such as 7T, provide an increased signal-to-noise ra-
tio (SNR), which can be transferred to a higher spatial resolution. The increased 
resolution reduces partial volume effects and therefore 7T has the potential to 
detect smaller tumors, to delineate lesion extent better and to achieve more 
accurate functional information on perfusion, diffusion and metabolism.12 

7T MRI of the human breast is challenging due to the complexity of radio-
frequency (RF) waves which coincide with non-uniform excitation and signal 
reception.13 RF field uniformity may however remain acceptable, particularly 
in confined areas of a single breast, when an RF coil design similar to the de-
sign most commonly used for the head at 7T is applied. We have designed such 
an RF coil and a pulse-sequence protocol in order to evaluate the feasibility of 
functional and morphologic high resolution unilateral breast MRI at 7T.14

To explore the potential of high field MRI in the breast we determined and 
compared the potential gain in intrinsic sensitivity (i.e. MRI sensitivity for the 
detection of proton spins excluding relaxation effects) of 7T breast MRI to 3T 
breast MRI in healthy volunteers. Further clinical validation consisted of seri-
al 7T assessment of anatomic, diffusion and metabolic changes measured in 
breast cancer patients receiving neo-adjuvant chemotherapy (NAC). The func-
tional and morphological results were validated by pathologic analysis of the 
postoperative mastectomy specimen.

Materials and Methods

This study was approved by the institutional review board and informed con-
sent from all subjects was obtained.
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Participants

The right breast of five healthy female volunteers was scanned at 3T and 7T to 
compare the intrinsic sensitivity of 3T to 7T. Subsequently, consecutive breast 
cancer patients, who were scheduled for NAC, were included from August 2009 
till April 2010. Exclusion criteria were contraindications for MRI and prior breast 
surgery in the effected breast. This resulted in an inclusion of three patients. 
Patient A was a 30 year-old female who presented with a palpable mass in her 
right breast. She was diagnosed with invasive ductal carcinoma, stage T3N0Mx. 
She was scanned at 7T prior to and following each of the 6 courses of NAC, con-
sisting of 5-fluorouracil, epirubicin and cyclophosphamide. A clinical 3T exam 
was performed prior to, halfway and following NAC (table 1). The pre-operative 
CE-MRI at 3T depicted a solitary enhancing mass of 4x4 cm² dorsally in the low-
er-outer quadrant.

Patient B was a 35 year-old female who presented with pain and swelling of 
her left breast four months following breast feeding. She was diagnosed with 
invasive ductal carcinoma with lymphovascular invasion, stage T3N+Mx. She 
received 4 cycles of NAC, consisting of adriamycin-cyclophosphamide. She was 
scanned at 7T following the 1st and last NAC course. A clinical 3T exam was 
performed prior to and following NAC (table 1). The pre-operative CE-MRI at 3T 
depicted skin thickening and multiple regions of non-mass enhancement, the 
largest measuring 7x6 cm². Patient C was a 52 year-old female who presented 
with fever, pain and swelling of her right breast. She was diagnosed with in-
flammatory invasive ductal carcinoma, stage T4N+M0. She was treated with 4 
courses of NAC, consisting of adriamycin-cyclophosphamide. She was scanned 
at 7T prior to and following the 1st, 2nd and last NAC course. A clinical 3T exam 
was performed prior to and following NAC (table 1). On the pre-operative 3T 
CE-MRI skin thickening, nipple retraction and a retromammillary irregular mass 
was depicted. The mass had spiculated margins and measured 3.4x2.8 cm². The 
mass showed rapid initial enhancement followed by washout. 

Table 1. Time points at which MRI exams were performed in relation to neo-adjuvant chemotherapy 
(NAC) courses.

Patient A Patient B Patient C

Prior to NAC 7T + 3T Prior to NAC 3T 7T + 3T
Following 1st NAC 7T Following1st NAC 7T 7T
Following 2nd NAC 7T Following 2nd NAC - 7T
Following 3rd NAC 7T + 3T Following 3rd NAC - -
Following 4th NAC 7T Following last NAC 7T + 3T 7T + 3T
Following 5th NAC 7T - - -
Following last NAC 7T + 3T - - -
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MR acquisition

A two channel, local transmit/receive, RF coil was designed for unilateral fo-
cused RF field and interfaced as a transceiver to a 7T whole body MR system 
(Philips, Cleveland, USA).14 The two circularly shaped elements of 15 cm in di-
ameter were orthogonally aligned and driven in quadrature. The subjects were 
positioned prone in the coil set-up. The arms rested alongside the body. The 
head rested on a pillow, facing the contralateral side. The healthy volunteer MRI 
breast protocol at 3T and 7T included:
1. A proton density, gradient echo, sequence combined with a noise scan 

(TR=500 ms, TE in phase ms at 7T and 2.3 ms at 3T), flip=10˚ (flip=0˚ for 
the noise scan), 1 kHz/pixel, FOV=160x160x2 mm³, resolution = 2 mm 
isotropic). As a flip angle of only 10 degrees was used combined with a 
relatively long TR of 500 ms, T1 weighting is negligible. At both field 
strengths the echo time (TE) was kept as short as possible to exclude T2 
effects, while in phase in order to prevent signal cancellation at the tran-
sition zones of water and fat. For 3T a dedicated phased array, receive 
only, bilateral breast coil was used (Philips 4 channel breast coil), where 
only the 2 elements were selected that encompassed the right breast. Re-
construction of the noise scan used identical weighting factors as for the 
proton density MRI. Since SNR in proton density MRI is linearly related to 
the intrinsic sensitivity, but also linearly related to the flip angle, care was 
taken to set the flip angle to the correct value by using localized flip an-
gle adjustment at the centre of the breast.15 In one volunteer a B1 map 
was obtained to illustrate the variance in flip angles in the breast at 7T.16  

The patient MRI breast protocol at 3T (total acquisition time = 24 minutes) con-
sisted of:
1. A 3D T1 weighted (T1w) gradient echo (fast field echo, FFE) [TR/TE 4.3/1.6 

ms, flip angle10˚, FOV 360x360x144 mm³, acquired resolution 0.75x0.75x1.6 
mm³].

2. A T2w multislice spin echo fat-suppressed sequence [TR/TE 7935/120 ms, 
FOV 360x360x150 mm³, acquired resolution 1.2x1.171x2.0 mm³, with a 
spectral selective adiabatic inversion recovery (SPAIR) pulse for fat suppres-
sion (i.e. a technique which is less sensitive for B1 inhomogeneities as com-
pared to fat suppression based on a spectral selective saturation pulse)].

3. A 3D T1w dynamic fat-suppressed FFE [TR/TE 3.1/1.17 ms, flip angle 10˚, 
FOV 360x360x150 mm³, acquired resolution 1.1x1.1x2.4 mm³, temporal re-
solution 60.2 s, 6 scans, with a SPAIR pulse for fat suppression].

4. A post-contrast 3D T1w fat-suppressed FFE [TR/TE 3.1/1.17ms, flip angle 
10˚, FOV 360x360x150 mm³, acquired resolution 1.1x1.1x2.4 mm³, with a 
SPAIR pulse for fat suppression]. 
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The patient MRI breast protocol at 7T (total acquisition time = 17 minutes) con-
sisted of:
1. A 3D T1w fat-suppressed FFE [TR/TE 8.8/2.3 ms, water selective binomi-

nal (1-2-1), flip angle 10˚, FOV 160x160x160 mm³,  acquired resolution 
1.0x1.0x2.0 mm³]. 

2. DWI [TR/TE 15369/58 ms, FOV 150x150x150 mm³, resolution 2 mm isotro-
pic, b-values 0 and 1000 s/mm²].

3. A 3D T1w high resolution fat-suppressed FFE [TR/TE 16/7.4 ms, flip angle 8˚, 
FOV 90x119x90 mm³,  acquired resolution 450 µm isotropic, with a SPAIR 
pulse for fat suppression]. 

4.  1H-MRS from a single 2.0 cm3 voxel [semi LASER sequence]17, MEGA water 
and lipid suppression, TR = 4 s, carrier frequency at the Choline (Cho) reso-
nance.18 Two TEs of 56 ms and 118 ms were used to correct for transverse 
relaxation effects of the total Cho pool with 32 phase cycled averages for 
each subject and TE. In addition, for both TEs, a single shot MR spectrum 
was obtained without MEGA water and lipid suppression with the carrier 
frequency set to the water resonance to enable quantification of the con-
centration of Cho compounds per unit of water content.  

MRI analysis

The intrinsic SNR gain was determined in each volunteer in the centre of the 
breast, at the location where the localized flip angle adjustments had been 
performed. The mean pixel intensity in a 2x2 cm² square of the proton density 
image was divided by the standard deviation of the corresponding pixel inten-
sities in the noise image for both the 3T and the 7T images. The ratio between 
these 7T and 3T values was used as a measure for the intrinsic SNR gain. Ad-
ditionally the SNR gain in the breast tissue adjacent to the pectoral muscle at 
7T was compared to the SNR gain determined in the centre of the breast at 7T, 
while correcting for flip angle differences.

Morphologic assessment was performed on the high resolution 3D T1w se-
quences according to the ACR BI-RADS-MRI Lexicon. The scan quality was eva-
luated using a five-point scale (1=very poor, 2=poor, 3=satisfactory, 4=good, 
5=excellent). The images were compared to clinically performed 3T MR exams 
and to pathology analysis.

The mean lesion apparent diffusion coefficient (ADC) was calculated on the 
fitted maps derived of the DWI for manually selected regions of interest, using 
in-house software written in MATLAB (Mathworks, USA). 

For both TEs the MR spectra were fitted to Gaussian lines at 3.2 ppm for total 
Cho and at 4.7 ppm for water (using jMRUI, www.mrui.uab.es/mrui). These fits 
were extrapolated to correct for T2 relaxation effects. The total Cho concentrati-
ons are expressed as millimol per kg of water (mMol/ kgwater). 
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Histopathology

To indicate the original orientation, the mastectomy specimen was marked 
with sutures and the resection margins were inked. Next the specimen was la-
mellated into 20 mm slices, fixed and defatted after which representative 4 mm 
thick samples were taken and processed to paraffin blocks. An experienced pa-
thologist (PvD) reviewed the 4 μm histology slides from these blocks. 

Results

Intrinsic sensitivity assessment

The right breast of five volunteers (25-35 years old) was scanned at 3T and 7T 
within 2 hours. The proton density MR images obtained at 7T had a mean signal 
intensity of 655 (range 511-822; median 683) in the centre of the breast while 
the SD of the noise at this location was 5 (range 4.7-5.6).14 At 3T the mean signal 
intensity was 138 (range 101-176; median 142) and the SD of the noise was 6 
(range 5-6.7). This resulted in an overall 5.7 (SD+/-1.7) fold increase in SNR at the 
centre of the breast at 7T as compared to 3T (figure 1). The calculated SNR gain 
at 7T in the breast tissue adjacent to the pectoral muscle was a factor 1.7 lower 
as compared to the centre of the breast. The B1 field inhomogeneities with the 
coil set-up at 7T are visualized in figure 2. 

Figure 1. A sagittal combined proton density and noise scan at 3T (A) and at 7T (B) in the same healthy 
volunteer. The SNR, determined in the centre of the breast (black square), at 7T was a factor 5.7 (SD 
±1.7) higher. 

3 Tesla 7 Tesla

A B
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Patient morphologic analyses 

The high resolution 3D T1w sequences achieved homogenous fat suppression 
at 7T in all patients. The image quality was quantified as satisfactory in 4, good 
in 6, and excellent in 3 exams (n=13) (figure 3 and 4).

Figure 2. A B1 map of a breast 
of a healthy volunteer at 7Tesla. 
Note the gradient in B1 from the 
nipple to the chest, reflecting 
the variable distribution of flip 
angles.

Figure 3. Patient A. A-C) Respectively diffusion weighted image at 7T, corresponding apparent diffusion 
coefficient map and macroscopic pathology assessment of the mastectomy specimen. The tumor con-
sists of a solid component (black solid arrow) and of a cystic component (white solid arrow), visible as a 
shine through effect in figure A and B. The tumor lies adjacent to the pectoral muscle. The fascia of the 
muscle is dyed black at pathology assessment (open black arrow). D-F) Respectively a clinically perfor-
med, non-enhanced fat-suppressed 3T T1w image (resolution 1.1x1.1x2.4 mm³) and a low resolution 
(1.0x1.0x2.0 mm³), fat-suppressed, 7T image. F is a zoomed in minimum intensity image (slab of 2 slices) 
of the high resolution 7T image, which depicts the fat plane (open white arrows) between the tumor 
and the dorsal fascia surface. The fat plane is not visible on the 3T image. 
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3 Tesla

7 Tesla

7 Tesla

2.4 cm

A
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Figure 4. Breast tumor (white large rectangle) in patient A depicted on fat-suppressed 3D T1w FFE MRI 
scans at 7T. Homogenous fat suppression is achieved. Proton spectra of the selected voxel (white small 
rectangle), depicting the concentration of Choline (Cho) in millimolar (mM) respectively before, after 
the second and after the final chemotherapy course.

Tumor ADC

Tumor ADC values increased in patient A from 0.33·10-3 mm²/s at the first scan 
to 1.78·10-3 mm²/s at the end of NAC (figure 3B). The DWI after the second NAC 
course could not be analyzed due to failed fat suppression. The ADC increase 
was triphasic, shown in table 2. This evolution in ADC values was not paralleled 
by tumor volume. 

It was not possible to delineate an index lesion in patient B. The overall ADC 
of fibroglandular tissue was 1.87 ·10-3 mm²/s during the final MRI exam. The DWI 
sequence following the first chemotherapy course had failed due to motion 
artifacts.

In patient C tumor ADC values increased from 1.20·10-3 mm²/s to 1.44·10-3 

mm²/s during NAC. 

In patient A, the tumor spiculations extended towards the pectoral muscle. 
At 7T, contrary to the image obtained at 3T, a fat plane was identifiable between 
the spiculations and the muscle wall, suggesting that the tumor had not inva-
ded the muscle (figure 3D and E). The tumor size decreased from 3.9x4.1x5.6 cm³ 
to 1.8x1.8x2.1 cm³ after the second NAC course, but increased again, to a size 
of 2.0x2.7x2.4 cm³, at the final 7T examination (figure 4). In patient B and C skin 
thickening and respectively multiple dilated ducts and architectural distortion 
were identified, which were most evident at 7T (figure 5).

3.9x4.1x5.6 cm3 1.8x1.8x2.1 cm3 2.0x2.7x2.4 cm3

Cho
4.2 mM

3.4  ppm  2.4 3.4  ppm  2.4 3.4  ppm  2.4

2.6 mM0.77 mM
Cho Cho
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Figure 5.  Patient B following the final neo-adjuvant chemotherapy course. A-C) Respectively a fat-sup-
pressed 3D T1w FFE high resolution 7T image, a maximum intensity image (slab of 15 slices) of the 
high resolution 7T image (resolution 450 µm3) as shown in figure A, and a fat-suppressed, clinically 
performed, 3T T1w image (resolution 1.1x1.1x2.4 mm³), all depicting dilated ducts (white solid arrows). 
These are more clearly seen on the 7T images than on the 3T image. All images depict skin thickening.
D-E) Patient C prior to start of neo-adjuvant chemotherapy. Respectively a fat-suppressed 3D T1w 
FFE high resolution image at 7T (resolution 450 µm3) and a fat-suppressed 3T T1w image (resolution 
1.1x1.1x2.4 mm³), depicting peritumoral spiculations (white open arrows) with architectural distortion 
retromammillary. This is more clearly seen on the 7T image than on the 3T image. Both images depict 
skin thickening.

Table 2. Apparent Diffusion Coefficient (ADC) and volume measurements of the tumor of patient A 
prior to and during neo-adjuvant chemotherapy (NAC).

ADC (mm²/s) volume (cm³)

Prior to NAC 0.33·10-3 3.9x4.1x5.6
Following 1st NAC 1.52·10-3 2.5x2.3x2.8
Following 2nd NAC - 1.8x1.8x2.1
Following 3rd NAC 2.00·10-3 1.7x2.0x2.0
Following 4th NAC 1.23·10-3 1.6x2.0x2.0
Following 5th NAC 1.40·10-3 1.4x1.9x1.8
Following last NAC 1.78·10-3 2.0x2.7x2.4

Spectroscopy

The evolution of Cho concentrations in patient A, depicted in figure 4, paral-
leled tumor volume changes. In patient B a voxel was placed centrally in the 
fibroglandular tissue, complying with the regions of non-mass enhancement as 

A

D

B

E

C

7 Tesla 7 Tesla

7 Tesla

3 Tesla
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depicted on 3T MRI. In patient C an 1H-MRS voxel was located retromammillary. 
In both patients Cho signals were at an undetectably low level during the first 
MRS exam performed, and remained low during the following exams. 

Histopathology

Based on the clinically performed 3T MRI exam a small part of the pectoral mus-
cle was excised in patient A. Pathologic analysis confirmed the presence of a fat 
plane between the tumor and the dorsal fascia and the absence of muscle in-
vasion by the tumor. Pathologic analysis also confirmed the MRI findings which 
were consistent with the presence of a cystic tumor component. In the case of 
patient B no index lesion was visible on MRI or at final pathology analyses. At 
pathologic assessment fibrocystic changes with a focal lymphohistiocytic re-
action were detected. The fibrocystic changes are compatible with the dilated 
ducts visible on MRI. Also the undetectable low Cho levels are consistent with 
undetectable tumor tissue at final pathology assessment. Spiculations were vi-
sualized on MRI in patient C, which corresponded to tumor extensions at patho-
logical analyses. Additionally at 7T the ADC values increased during NAC corres-
ponding to therapy response, as confirmed by pathological examination. The 
Cho concentrations remained at an undetectably low level on all MRI exams 
even though there was tumor present at pathological analyses. 

Discussion

The goal of this study was to establish the diagnostic feasibility of breast MRI at 
7T and to assess its potential for clinical use. First, intrinsic sensitivity of MRI of 
the breast was determined at 7T and at 3T. In this study young volunteers who 
have relatively more glandular tissue than fat tissue (high gland/fat ratio), were 
included. Although variations in gland/fat ratio may effect the SNR comparison, 
young females represent a relatively worst case scenario as the conductivity of 
glandular tissue is an order of magnitude higher than of lipid tissue.19 Therefore 
relatively more RF losses are expected in breasts with a higher ratio of gland/
fat. When the gland/fat ratio is significantly reduced, which is the case for the 
breast in elderly women, the SNR versus field strength relation may even be 
more favorable for 7T as compared to 3T. In this volunteer group a 5.7 fold gain 
in intrinsic SNR was obtained in the centre of the breast at 7T.

A 5.7 fold gain at 7T is higher than what would be expected by having 
increased the field strength only with a factor of 2.3. The additional increase in 
SNR could be due to several factors. First of all it could be due to the RF coils 
used. Although the RF coil elements had similar dimensions, the optimal align-
ment of the 7T coil set-up (i.e. orthogonal rather than parallel) may have contri-
buted to a factor of a square root of two. In addition, as the elements at 7T were 
aligned in a + and - 45 degree angle with respect to the breast, compared to a 
0 degree angle at 3T, the relative distance from the conductors to the breast is 
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smaller at 7T and thus the filling factor of the coil is more efficient. Finally, the 
intrinsic SNR relation to field strength has a quadratic relation (polarization and 
flux change) which is counter balanced by the increased tissue losses at higher 
field strength, making this relation more linear for RF lossy samples, like most 
tissues in the human body. The breast, as compared to other body parts, howe-
ver contains a relatively high volume of lipid tissue in which the RF losses are 
negligible. Therefore a more than linear relation may even be expected in the 
human breast. 

Although the sample size is small, the size is sufficient to state that SNR is 
significantly increased at 7T as compared to 3T, particularly as a relatively worst 
case scenario was staged as only young volunteers with a relatively high gland/
fat ratio were included.

A disadvantage of 7T imaging is that the field of view in this current MRI 
set-up is restricted, so that only one breast can be examined, whereas at 3T 
bilateral breast imaging is possible. In addition, the gain in SNR at 7T is redu-
ced towards the chest wall, providing non-uniform images within the breast, 
whereas 3T does provide uniform SNR. At 7T a substantial gradient in B1 is ob-
served which degrades uniformity in the MRI, whereas at 3T the B1 remains 
uniform in the entire breast. However many MRI sequences used in breast ima-
ging, particularly T1w MRI as used in this study for high resolution imaging, are 
relatively insensitive to B1 variances. In fact, in these sequences, higher flip an-
gles will cause more saturation of spins resulting in even lower signals, whereas 
in reception, the sensitivity is increased. Therefore non-uniformities in B1 are 
mostly compensated in these sequences. For other sequences, like T2w MRI, the 
non-uniformities will result in strong gradients in the MRI, therefore the current 
set-up at 7T may not be the optimal choice for these techniques. Nevertheless, 
following recent technological developments in multitransmit concepts for RF 
shimming, bilateral breast imaging at uniform image contrast is expected to be 
feasible in the near future.20 

Next, this study attempted to establish if 7T breast MRI, consisting of T1w fat-
suppressed gradient echo sequences, DWI and 1H-MRS, could provide diagnos-
tic information in patients. Three breast cancer patients receiving NAC were 
studied of whom patient A and B respectively showed a non-specific treatment 
and diagnostic course. Patient A had a non-specific reaction to NAC treatment. 
In this case the ADC values in general increased throughout the entire NAC 
course, which could suggest tumor responsiveness. However the increase of 
the ADC values can correspond either to cystic development or necrosis of the 
tumor. The increase of ADC values during the final NAC courses in this case, pro-
bably corresponded to the development of a cystic component in the tumor, 
especially since the tumor volume increased as well. The increase in ADC values 
during the first NAC courses might have corresponded to tumor necrosis as the 
tumor volume decreased also, implying tumor responsiveness. However it was 
not possible to verify this assumption as no tissue sample had been obtained 
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at that time. But 1H-MRS additionally showed a decrease in Cho concentrati-
ons during the first treatment cycles, suggesting responsiveness to NAC. The 
Cho concentrations, as well as the tumor size, increased again after the last NAC 
course. This development indicates an acquired resistance to the treatment, 
which has been verified by final pathology assessment in which the solid parts, 
adjacent to the cystic component, of the tumor showed no signs of NAC res-
ponsiveness (figure 3). Patient B did not have a common diagnostic appearance 
of the tumor as no index lesion was visible at 3T CE-MRI, nor was it visible on 
any of the 7T scans performed. Also on both MRS exams Cho concentrations 
were at an undetectably low level. This could indicate that NAC was effective, 
as there was no more tumor tissue present in the specimen according to patho-
logic analyses.  

DWI is feasible at 7T, even considering the non-uniform RF fields of the coil set-
up. ADC values of tumors have been reported to increase during NAC at lower 
field strengths. Increase in ADC could either be due to necrosis, response to 
NAC, or due to cystic degeneration of the tumor.21, 22 In this study a similar ef-
fect of ADC values was seen as has been reported at lower field strengths in the 
literature. However no previous DWI studies at 7T have been performed, there-
fore more validation should be performed in order to reliably assess ADC values 
at this field strength. Likewise, 1H-MRS is feasible at 7T using the two channel 
coil set-up. Especially at 7T, with the use of dedicated focused field coils, com-
bined with the increased chemical shift dispersion, very low levels of Cho are 
expected to be detectable, which has been shown in this study in correspon-
dance with the results by Haddadin et al.23 In fact, even Cho levels as low as 
0.77 mMol/kgwater were detected in our study suggesting high sensitivity in 
detecting alterations in Cho metabolism. This, in turn, correlates with malignan-
cy.23 Combined with the volume measurements of the tumor in patient A, the 
alterations in Cho concentration coincide with treatment efficacy in this stu-
died case. Noteworthy is that in this case the changes in Cho concentrations fol-
lowed the changes of tumor volume more closely than the ADC measurements. 
Cho levels however are not always increased in breast cancer. Previous studies 
have reported sensitivities for Cho detection between 70% and 100%.24-26 This 
could explain why Cho was not always detected in these three cases. 

Finally, to illustrate the possible additive clinical potential of 7T, high morpho-
logical detail was obtained on fat-suppressed images in these three cases. Fat 
suppression at 7T is necessary to eliminate the water-fat shift, which is more 
prominent at higher field strengths. The image quality of these high resolution 
scans was at least satisfactory in all scans, and good to excellent in 9 out of 
13 exams. The exams were performed with an isotropic resolution of 450 µm³. 
Therefore substantial greater detail than at 3T was depicted, which resulted 
in better visualization of spiculations. In fact, in one patient 7T imaging might 
have been used to exclude tumor infiltration in the chest wall.
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This feasibility study demonstrates the putative diagnostic potential of de-
dicated 7T breast MRI. Studies with larger patient populations are necessary to 
confirm and expand these results. In these three cases high resolution 3D T1w 
fat-suppressed images were successfully achieved. Additionally at 7T greater 
morphological detail was depicted than at 3T. Also ADC values and Cho con-
centrations were measured at relatively high SNR, which show promise for the 
potential assessment of NAC therapy response at high field strengths. 
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Abstract

Objective

To assess the feasibility of axillary nodal staging in breast cancer patients using 
gadofosveset-enhanced T1, T2* and diffusion weighted (DWI) MRI, with patho-
logy as reference standard. 

Materials and Methods

25 consecutive breast cancer patients about to undergo sentinel node biopsy 
were imaged at 3T. A pre- and post-gadofosveset (0.03 mmol/kg i.v.) 3D T1w 
[resolution 0.9 mm isotropic] scan; a post-contrast 3D T2*w [in plane resolution 
1 mm] scan; and a pre- and post-contrast multislice DWI [in plane resolution 3.0 
mm, b-values 0, 100 and 500 s/mm2] were acquired. The post- to pre-contrast 
ratios of nodal signal intensities measured on T1w, b=0 and b=500 images and 
normalized intensities on post-contrast T2*w images were determined for all 
excised nodes. Metastatic nodes were retrospectively compared to benign no-
des. Statistical analyses consisted of logistic regression according to the gene-
ralized estimating equations method.  

Results

58 lymph nodes were analyzed. 16/58 nodes (28%), from 11/25 patients (44%), 
contained metastases. The T1, T2*, b=0 and b=500 ratios for benign and meta-
static nodes were respectively: 1.46, 1.17, 0.67, 0.47 and 1.44, 1.51, 0.81, 0.73. 
Ratios for b=500 differed significantly.

Conclusion

Gadofosveset-enhanced DWI could discriminate metastatic from benign axil-
lary lymph nodes on the basis of a significantly higher signal intensity on post-
contrast b=500 images.
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Introduction

Axillary lymph node status is one of the most important prognostic factors for 
breast cancer patients.1,2 Assessment of nodal status is currently primarily done 
through a sentinel lymph node biopsy (SLNB).3,4 This procedure can cause mor-
bidity, such as numbness and lymph edema and requires a hospital stay.5 The 
development of an accurate non-invasive staging procedure, sparing patients 
unnecessary surgery, would be an important improvement. However, non-
invasive imaging-based staging has not yet proven to be accurate enough in 
diagnosing axillary nodal metastases.4;6-8 

The evaluation of axillary nodal status using traditional magnetic resonance 
imaging (MRI) techniques has concentrated mainly on assessment of lymph 
node morphology.9-11 Unfortunately, morphological criteria cannot reliably 
distinguish benign from metastatic nodes, even at ultra-high resolution ima-
ging, nor can conventional contrast materials reliably discriminate benign from 
malignant nodes. Gadofosveset, a blood–pool agent with a high affinity for al-
bumin, is hypothesized to have a similar effect as ultra-small particles of iron 
oxide (USPIO).12,13 USPIO-enhanced MRI has been shown to assess axillary nodal 
status with a high positive and negative predictive value.14,15 However, USPIOs 
have not received approval for commercial application and have recently been 
taken of the market. 

Gadofosveset is transported with albumin-rich lymph and - like USPIOs - ac-
cumulates in a higher concentration in healthy than in metastatic lymph nodes.12 
This differential accumulation may be exploited for the discrimination of benign 
and malignant nodes, for example on the basis of differential T1- or T2*-shorte-
ning. Diffusion weighted imaging (DWI) has shown promise for the detection of 
lymph nodes, but so far cannot accurately discriminate benign from malignant 
nodes.16 However the combination of the exquisite contrast-to-noise ratio of 
DWI with background body suppression (DWIBS) for nodal detection, with the 
selective suppression of signal from benign nodes by gadofosveset, holds the 
promise of a one-stop nodal staging tool. The goal of this study was to assess 
the feasibility of axillary nodal staging in breast cancer patients using gado-
fosveset-enhanced T1, T2* and DWI MRI, with pathology as reference standard.

Material and Methods 

Patients

This study was approved by the institutional review board and informed con-
sent was obtained from all patients. Between December 2008 and December 
2010, 27 consecutive female breast cancer patients were included. All patients 
had a histologically proven breast cancer (stage ≥T2) as determined on mam-
mography, ultrasound, and large core needle biopsy, and were scheduled for 
a SLNB and surgical resection. The inclusion was limited to stage T2 or higher 
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tumors as those patients have a high likelihood of lymph node metastases of 
48% or higher.17 Inclusion was further limited to patients not already included 
in one of three other studies running in our hospital that also include stage T2 
breast cancer patients. Exclusion criteria were a prior history of any cancer, prior 
breast- or axillary surgery, prior chemotherapy, and contraindications for MRI 
or for administration of contrast agent. SLNB was carried out by an experienced 
breast surgeon, as part of the standard clinical treatment.

3T MRI protocol

The patients were scanned on a 3T MR system (Philips Healthcare, Best, the Ne-
therlands), in prone position, four days before surgery. The arms rested above 
the head in order to achieve the most comparable situation to the patient-
position during surgery. To achieve good axillary coverage, four phased-array, 
receive-only, surface coils were used (Philips Healthcare, Best, the Netherlands). 
These were located around both breasts and both armpits. 

An MRI marker grid of vitamin D capsules was applied to the ipsilateral axilla. 
This grid of capsules was also drawn, dot-for-dot, on the skin of the axilla with 
waterproof ink. The dots functioned as coordinates on a map providing a direct 
correlation to the MR images that remained visible during surgery (figure 1). 

Figure 1. MRI marker grid. A) Grid of axillary skin-markings visible during surgery (blue dots) corresponds 
to the location of spheres in the deformable MRI marker grid (B). For example: the arrow identifies 
marker “A2”as visible during surgery and as visible during MRI. The white circles indicates the site of the 
primary tumor during surgery, and the corresponding location of the spiculated tumor visible in the 
MRI cross-section of the 3D T1w Fast Field Echo pre-contrast scan. 
(for colorversion of this image see chapter 3 figure 12)

The MRI-protocol for all patients (n=27) consisted of:
1. A high resolution 3D T1 weighted fast field echo (T1w FFE) sequence [TR/

TE 5.1/2.3 ms, flip angle 10˚, FOV 201.6x400x300 mm³, resolution 0.9 mm 
isotropic, acquisition time 6 min 17 s] pre- and post-contrast injection. The 
post-contrast scan was obtained 17 minutes following injection.12 The high 
spatial resolution T1w pre-contrast scans were used for identification of the 
nodes. 

A B



.. 127 ..

Gadofosveset as a negative contrast agent for detecting metastatic axillary lymph nodes

2. A multislice DWI, using Short Inversion Recovery (STIR) based fat suppres-
sion  [TR/TI/TE 18223/240/47 ms, FOV 201.6x400x300 mm³, slice thickness 
3.6 mm, in plane resolution 3.0 mm, b-values 0, 100 and 500 s/mm2, ac-
quisition time 3 min 40 s] pre- and post-contrast injection. STIR is used to 
suppress signals with short T1 relaxation times, such as fat. 

3. A 3D T2*-map, obtained from a multi-echo gradient echo sequence [TR/
first TE/ΔTE 21/4.6/4.6 ms, 4 echoes, flip angle 15˚, FOV 99.9x400x300 mm³, 
slice thickness 0.9 mm, in plane resolution 1 mm, acquisition time 5 min 50 
s] post-contrast injection. This scan was performed to assess susceptibility 
effects caused by the contrast material.

4. A dynamic 3D gradient echo T1w sequence (fast field echo= FFE) [TR/TE 
4.3/2.3 ms, flip angle 10˚, FOV 202.5x400x300 mm³ resolution 1.5 mm iso-
tropic, 7x65 s temporal resolution, acquisition time 7 min 37 s] during ad-
ministration of contrast . 

Gadofosveset

Gadofosveset (Vasovist, Bayer, Berlin, Germany) is an intravascular contrast 
agent approved for blood pool imaging. This contrast agent is a formulation of 
a stable gadolinium diethylenetriaminepentaacetic (GdDTPA) chelate substitu-
ted with a diphenylcyclohexylphosphate group (gadofosveset trisodium). 0.12 
ml/kg body weight (equivalent to 0.03 mmol/kg) was manually administered 
followed by a 10 cc saline flush. After injection, gadofosveset binds strongly, but 
reversibly, to albumin.18 

Pathology

Pathological processing as well as final pathological examination was perfor-
med according to standard SLNB protocol by an experienced pathologist. The 
nodes were sliced into 4 mm sections perpendicular to their longest axis. Next 
they were paraffin embedded and five sections of 4 μm (250 µm apart) thick 
slices were cut from each 4 mm block and subsequently stained with Haema-
toxylin & Eosin (H&E). 

All H&E stained slides were assessed by the same pathologist. Macro- 
metastasis (tumor deposits greater than 2 mm) and micro-metastasis (tumor 
deposits of less than 2 mm) were noted separately.19 For the purpose of mat-
ching with MRI, digital pictures of all slides were obtained at a 1.5 magnifica-
tion with a digital camera (Leica, Rijswijk, the Netherlands) mounted on top of 
a standard microscope (Leica).

MRI and pathology correlation 

For all excised nodes, the anatomical level and the position of the nodes with 
respect to the MRI marker grid was noted on a map of the axilla. To aid in the 
node-to-node matching of in vivo imaging and subsequent pathologic exami-
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nation, the excised nodes were scanned at 7T (Philips Healthcare, Cleveland, 
USA) prior to further processing. To maintain an accurate correlation of 7T MRI 
with pathology, the location of the individual lymph nodes was also noted as 
they were positioned in the 7T scanner. At pathology each individual node was 
dyed to permanently mark the sides which were superior (black dye) and left 
(blue dye) according to the 7T MR images. These dyes remained visible during 
pathological processing. The methods of ex vivo nodal 7T imaging have been 
described previously.20

MRI analyses

Quantitative parametric and morphologic MRI analyses were done using in-
house software created in MATLAB (Mathworks, Natick, MA, USA). For all lymph 
nodes, the mean absolute T2* relaxation time constants were determined on 
transversal views of the fitted maps derived from the original images, based 
on hand-drawn regions of interest (ROIs). These values were normalized to the 
relaxation time constant of the ipsilateral pectoral minor muscle, correcting for 
B0 field inhomogeneity in off-centre regions.

On the T1w images the ratio of the signal intensity post- to pre-contrast was 
determined on transversal views of the original images, based on hand-drawn 
ROIs. These values were also normalized to the signal intensity of the ipsilateral 
pectoral minor muscle, correcting for B1 field in-homogeneity in off-centre re-
gions. The normalized T1 values were determined as the ratio of post-contrast 
/pre-contrast.

On the DW images the ratio of the signal intensity post- to pre-contrast of 
the lesion was determined and normalized according to the signal intensity of 
the spinal cord. The measurements were performed on axial high-pass (thres-
hold at 1.5 times the noise) b=0 s/mm² and on b=500 s/mm2 images using 
hand-drawn ROIs.

Statistics 

Statistical analyses were performed for the quantitative parametric MRI measu-
rements by means of logistic regression analysis according to the generalized 
estimating equations (GEE) method.21 This method corrects for the fact that the 
data are dependent, as there are multiple nodes per patient. Additionally, for-
ward and backward stepwise regression analyses were performed on all quan-
titative data to search for parameters which influence each other in the discri-
mination of benign from metastatic nodes. The p-values were obtained from 
likelihood ratio tests. This test is insensitive to whether the data are Gaussian or 
non-Gaussian distributed. 
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Results 

27 patients were included. 1 patient was claustrophobic and 1 patient’s tre-
atment plan changed into receiving neo-adjuvant chemotherapy prior to the 
SLNB procedure. Therefore data of 25 patients were analyzed, which resulted 
in a total of 58 excised sentinel lymph nodes. All nodes could be identified in 
vivo based on their location with respect to the MRI marker grid and on cor-
relation with the 7T images. 16 nodes (28%), from 11 patients (44%), contained 
metastases, of which 1 contained micro-metastases. In 3 patients the DWI ima-
ging failed due to movement and in 2 patients DWI was not performed due 
to fatigue of the patient. One patient did not receive a T2*w scan and a T1w 
post-contrast scan due to fatigue. In one case the T2*w scan had inadequate fat 
suppression, which was therefore excluded. 

Quantitative analysis

Table 1 presents the normalized mean values of the post- to pre-contrast ratios 
of all nodal signal intensities measured on the T1w images, the b=0 and the 
b=500 s/mm² DW images, as well as the normalized post-contrast nodal T2* 
relaxation times. On the T1w images all nodes showed a low signal intensity 
before contrast administration. After contrast administration both the benign 
nodes and metastatic nodes showed a similar increase in signal intensity. On 
the pre-contrast DW images all nodes showed a high signal intensity. Benign 
nodes showed a significantly stronger decrease in signal intensity on the post-
contrast b=500 images compared to the post-contrast b=0 images than the 
metastatic nodes (figure 2). On the post-contrast T2*w images metastatic nodes 
had a, non-significant, higher signal intensity compared to benign nodes.

Starting from the significantly different (p=0.023) post-contrast b500 to pre-
contrast b500 ratios, forward and backward stepwise regression analyses were 
performed that showed that none of the other measurements offered an ad-
ditive discriminatory effect for the identification of metastatic nodes. 

Table 1. Normalized mean values ± standard deviation. (±SD) of the post-contrast to pre-contrast 
ratios of all excised sentinel lymph nodes’ signal intensity measured on T1 weighted and diffusion 
weighted sequences. Normalized mean values ±SD of the post-contrast signal intensity of all excised 
sentinel lymph nodes measured on T2* weighted sequences. Statistical analysis was performed by 
means of logistic regression analysis according to the generalized estimating equations method. P-
values were obtained from likelihood ratio tests that correct for dependence. 

Benign Metastatic p-value

T1 1.46 (0.34) 1.44 (0.29) 0.88
T2* 1.17 (0.29) 1.51 (0.76) 0.10

DWI b=0 0.67 (0.45) 0.81 (0.48) 0.44
DWI b=500 0.47 (0.37) 0.73 (0.19) 0.023
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Discussion 

We assessed the feasibility of non-invasive axillary nodal staging in breast can-
cer patients using gadofosveset-enhanced T1w and T2*w and DW imaging, 
with pathology as reference standard. The results of our retrospective analysis 
indicate that metastatic lymph nodes show significantly higher signal intensi-
ties on gadofosveset-enhanced diffusion weighted images than benign nodes. 

Currently lymph node status is assessed mainly by 1) morphologic charac-
teristics, i.e. size, maximum short axis diameter or ratios of maximum long to 
maximum short axis diameter and nodal contours or 2) enhancement kinetics, 
i.e. contrast uptake in time. However with reported sensitivities and specifities 

Figure 2. Coronal views of a patient showing a histologically proven metastatic lymph node (solid ar-
row) and 2 histologically proven benign nodes (open arrows). A) 3D T1w fast field echo (FFE) scan 
pre-contrast B) Corresponding 3D T1w FFE scan post-contrast. There is no difference measured and 
seen in contrast uptake on the T1w scans between the different nodes. C and D are zoomed in on the 
nodes of A and B respectively. E) diffusion weighted imaging (DWI) slice of the b=500 s/mm2 scan as 
acquired before contrast and F zoomed-in after high pass-thresholding, set at 1.5 times the noise. G) 
corresponding slice of the post-contrast b=500 s/mm2 scan as acquired and H zoomed-in after high 
pass-thresholding, set at 1.5 times the noise. The non-metastatic nodes have a lower signal intensity 
post-contrast than pre-contrast. The intensity of the metastatic node more or less remains unchanged.  
I) fat-suppressed 3D T2*w scan, obtained from a multi-echo gradient echo sequence at the second 
echo (TE 9.2 ms) performed post-contrast injection. J) corresponding T2*map.
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of 87-100% and of 56-90% for enhancement kinetics and a 12-17% false posi-
tive and 13-14% false negative detection rate based on morphological criteria, 
these criteria are insufficient for accurate non-invasive staging.9,10;22-24 

To facilitate non-invasive staging of the axillary lymph nodes in clinical prac-
tice, further technological and/or pharmaceutical improvements are necessary. 
One improvement could be MRI with higher field strengths, which allow higher 
spatial resolution imaging, thereby facilitating better application of the mor-
phological discriminative criteria for metastatic lymph nodes. However even at 
ultra-high resolution imaging of ex vivo sentinel lymph nodes of breast cancer 
patients at 7T, morphological parameters did not sufficiently discriminate be-
nign from metastatic nodes.13 

Gadofosveset is an intravascular gadolinium based blood-pool agent that 
was originally designed for MR angiography. However it also shows potential 
for other applications such as lymph node imaging.25 Herborn et al. showed 
that interstitial MR lymphography with depiction of direct nodal tumor invasi-
on was feasible using gadofosveset in rabbits.26 Lack of enhancement of a node 
corresponded to the presence of tumor infiltration.26 Lambregts et al. showed 
similar results in rectal cancer patients.12  

Discriminatory signal intensity changes induced by gadofosveset can be 
hypothesized to be based on T1 or T2* shortening: Gadofosveset is expected 
to cause signal loss on T2*w images upon accumulation in lymph nodes. The 
T2* shortening caused by the contrast material would be stronger in healthy 
lymph nodes, because metastatic nodes tend to be edematous and hypercel-
lular, and therefore can take up less gadofosveset. Normal nodes would thus 
selectively be displayed as areas of susceptibility mediated decreased signal on 
T2*w images. This is similar to the mechanism of action of USPIOs.27 Although 
in this study healthy nodes did have a shorter T2*relaxation time constant than 
metastatic nodes, the difference was not significant.

DWI has shown promise for the detection of lymph nodes, but so far cannot 
reliably discriminate benign from malignant nodes.16;28-31 In part this is because 
lymphatic tissue in general is highly cellular and therefore shows prominent 
high signal intensity on DWI, especially against a background which is signal 
suppressed, as is the case with DWIBS.28 For background signal suppression 
in DWIBS often a STIR-pulse is used, which suppresses tissue with a T1 shor-
ter than water (such as fat) more than water itself. Because of its T1 shortening 
effect, differential nodal uptake of gadofosveset may lead to selective signal 
loss in benign nodes on STIR images. Thus, exquisite nodal depiction by DWI 
with selective suppression of benign nodes by gadofosveset would be an ideal 
combination. It is a proof of principle for this mechanism that was demonstra-
ted here: on the b=500 post-contrast images the only structures which were 
still well visualized were metastatic nodes. The signal from benign nodes was 
suppressed, presumably because of the T1 shortening effect of gadofosveset. 
This effect is possibly strengthened by the fact that the presence of contrast 
material produces an additional background magnetic field gradient, which 
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further reduces the signal intensity on diffusion weighted images.32 A finding 
supporting this notion is that the signal intensity difference between benign 
and malignant nodes was less prominent on the post-contrast b=0 than on the 
post-contrast b=500 images presumably due to the lack of diffusion weighted 
gradients in these images. 

Obviously the T1 shortening effect of gadofosveset can be expected to lead 
to signal increase on T1w images. Healthy nodes were thus hypothesized to 
show increased signal intensity on the post-contrast T1w scan. As metastatic 
depots are expected to interfere with accumulation of contrast agent, these 
nodes were expected to show more heterogeneous and less overall enhance-
ment. However on the post-contrast T1w images no difference in contrast uptake 
was discernable, neither in overall intensity, nor in heterogeneity of uptake. This 
is contrary to what has been reported by Lambregts et al., who did find that be-
nign nodes have a higher and more homogenous signal intensity post-contrast 
than metastatic nodes on T1w images.12 

The lack of statistical significance in the difference between benign and ma-
lignant nodes on the T2*w scans may be explained by the relatively few number 
of metastatic nodes included in this study, even though a stage T2 patient po-
pulation was chosen with a relatively high chance of metastatic nodes. Another 
limitation of this study is the timing of the performed sequences. The post-con-
trast T2*w scans and the DWI scans were started respectively 6 and 10 minutes 
following the injection of gadofosveset, which is too soon as compared to the 
optimum time of enhancement. The optimum time for contrast enhancement 
had been determined at 17 minutes post-contrast injection.33 Further improved 
visualization and discrimination of metastatic nodes can be expected at a more 
delayed commencement of the exam. Additionally no T2*w scans were perfor-
med pre-contrast injection. Therefore the relative enhancement of the different 
nodes could not be determined. This sequence was removed from the protocol 
to maintain an acceptable total imaging duration. 

In conclusion, gadofosveset-enhanced STIR-DWI can discriminate metastatic 
from benign axillary lymph nodes on the basis of a significantly higher signal 
intensity on post-contrast b=500 images. For future use as a one-stop nodal 
staging tool, the differences in the tissue-specific contrast agent uptake could 
be exploited by performing high b-value DWI scans. Prospective evaluation in 
larger patient populations is needed to determine the diagnostic accuracy of 
gadofosveset and to develop consistent criteria to distinguish malignant from 
benign nodes. 



.. 133 ..

Gadofosveset as a negative contrast agent for detecting metastatic axillary lymph nodes

Reference List

1.  Cianfrocca M, Goldstein LJ (2004) Prognostic and predictive factors in early-stage breast cancer. 

Oncologist 9:606-616.

2.  Moore MP, Kinne DW (1997). Axillary lymphadenectomy: a diagnostic and therapeutic procedure. 

J Surg Oncol 66:2-6.

3.  Fraile M, Rull M, Julian FJ et al (2000). Sentinel node biopsy as a practical alternative to axillary 

lymph node dissection in breast cancer patients: an approach to its validity. Ann Oncol 11:701-

705.

4.  Borgstein PJ, Pijpers R, Comans EF, van Diest PJ, Boom RP, Meijer S (1998). Sentinel lymph node 

biopsy in breast cancer: guidelines and pitfalls of lymphoscintigraphy and gamma probe detec-

tion. J Am Coll Surg 186:275-283.

5.  Mansel RE, Fallowfield L, Kissin M et al (2006). Randomized multicenter trial of sentinel node biop-

sy versus standard axillary treatment in operable breast cancer: the ALMANAC Trial. J Natl Cancer 

Inst 98:599-609.

6.  Fuster D, Duch J, Paredes P et al (2008). Preoperative staging of large primary breast cancer with 

[18F]fluorodeoxyglucose positron emission tomography/computed tomography compared with 

conventional imaging procedures. J Clin Oncol 26:4746-4751.

7.  Ueda S, Tsuda H, Asakawa H et al (2008). Utility of 18F-fluoro-deoxyglucose emission tomogra-

phy/computed tomography fusion imaging (18F-FDG PET/CT) in combination with ultrasonog-

raphy for axillary staging in primary breast cancer. BMC Cancer 8:165.

8.  Abe H, Schmidt RA, Kulkarni K, Sennett CA, Mueller JS, Newstead GM (2009). Axillary lymph nodes 

suspicious for breast cancer metastasis: sampling with US-guided 14-gauge core-needle biopsy-

-clinical experience in 100 patients. Radiology 250:41-49.

9.  Mortellaro VE, Marshall J, Singer L et al (2009). Magnetic resonance imaging for axillary staging in 

patients with breast cancer. J Magn Reson Imaging 30:309-312.

10.  Mumtaz H, Hall-Craggs MA, Davidson T et al (1997). Staging of symptomatic primary breast can-

cer with MR imaging. AJR Am J Roentgenol 169:417-424.

11.  de Bondt RB, Nelemans PJ, Bakers F et al (2009). Morphological MRI criteria improve the detec-

tion of lymph node metastases in head and neck squamous cell carcinoma: multivariate logistic 

regression analysis of MRI features of cervical lymph nodes. Eur Radiol 19:626-633.

12.  Lambregts DM, Beets GL, Maas M et al (2011). Accuracy of gadofosveset-enhanced MRI for nodal 

staging and restaging in rectal cancer. Ann Surg 253:539-545.

13.  Korteweg MA, Zwanenburg JJM, Boer VO et al (2010). MRI characterization of dissected sentinel 

lymph nodes of breast cancer patients at 7T. Proceedings 19th Scientific Meeting, International 

Society for Magnetic Resonance Imaging, Stockholm, Sweden. abstract number 371.

14.  Harada T, Tanigawa N, Matsuki M, Nohara T, Narabayashi I (2007). Evaluation of lymph node metas-

tases of breast cancer using ultrasmall superparamagnetic iron oxide-enhanced magnetic reso-

nance imaging. Eur J Radiol 63:401-407.



Chapter 5

.. 134 ..

15.  Kimura K, Tanigawa N, Matsuki M et al (2009). High-resolution MR lymphography using ultrasmall 

superparamagnetic iron oxide (USPIO) in the evaluation of axillary lymph nodes in patients with 

early stage breast cancer: preliminary results. Breast Cancer 17:241-246.

16.  Kwee TC, Takahara T, Luijten PR, Nievelstein RA (2010). ADC measurements of lymph nodes: Inter- 

and intra-observer reproducibility study and an overview of the literature. Eur J Radiol 75:215-220.

17.  Yip CH, Taib NA, Tan GH, Ng KL, Yoong BK, Choo WY (2009). Predictors of axillary lymph node me-

tastases in breast cancer: is there a role for minimal axillary surgery? World J Surg 33:54-57.

18.  Rohrer M, Geerts-Ossevoort L, Laub G (2007). Technical requirements, biophysical considerations 

and protocol optimization with magnetic resonance angiography using blood-pool agents. Eur 

Radiol 17 Suppl 2:B7-12.

19.  van Deurzen CH, de Boer M, Monninkhof EM et al (2008). Non-sentinel lymph node metastases 

associated with isolated breast cancer cells in the sentinel node. J Natl Cancer Inst 100:1574-1580.

20.  Korteweg MA, Zwanenburg JJ, van Diest PJ et al (2011). Characterization of ex vivo healthy human 

axillary lymph nodes with high resolution 7 Tesla MRI. Eur Radiol 21:310-317.

21.  Liang KY, Zeger SL (1993). Regression analysis for correlated data. Annu Rev Public Health 14:43-

68.

22.  Kvistad KA, Rydland J, Smethurst HB, Lundgren S, Fjosne HE, Haraldseth O (2000). Axillary lymph 

node metastases in breast cancer: preoperative detection with dynamic contrast-enhanced MRI. 

Eur Radiol 10:1464-1471.

23.  Luciani A, Dao TH, Lapeyre M et al (2004). Simultaneous bilateral breast and high-resolution axil-

lary MRI of patients with breast cancer: preliminary results. AJR Am J Roentgenol 182:1059-1067.

24.  Murray AD, Staff RT, Redpath TW et al (2002). Dynamic contrast enhanced MRI of the axilla in 

women with breast cancer: comparison with pathology of excised nodes. Br J Radiol 75:220-228.

25.  Fink C, Goyen M, Lotz J (2007). Magnetic resonance angiography with blood-pool contrast agents: 

future applications. Eur Radiol 17 Suppl 2:B38-B44.

26.  Herborn CU, Lauenstein TC, Vogt FM, Lauffer RB, Debatin JF, Ruehm SG (2002). Interstitial MR lym-

phography with MS-325: characterization of normal and tumor-invaded lymph nodes in a rabbit 

model. AJR Am J Roentgenol 179:1567-1572.

27.  Bellin MF, Roy C, Kinkel K et al (1998). Lymph node metastases: safety and effectiveness of MR 

imaging with ultrasmall superparamagnetic iron oxide particles--initial clinical experience. Radiol-

ogy  207:799-808.

28.  Kwee TC, Takahara T, Ochiai R, Nievelstein RA, Luijten PR (2008). Diffusion-weighted whole-body 

imaging with background body signal suppression (DWIBS): features and potential applications 

in oncology. Eur Radiol 18:1937-1952.

29.  Roy C, Bierry G, Matau A, Bazille G, Pasquali R (2010). Value of diffusion-weighted imaging to de-

tect small malignant pelvic lymph nodes at 3 T. Eur Radiol 20:1803-1811.

30.  Sakurada A, Takahara T, Kwee TC et al (2009). Diagnostic performance of diffusion-weighted mag-

netic resonance imaging in esophageal cancer. Eur Radiol 19:1461-1469.

31.  Vandecaveye V, De Keyzer F, Vander Poorten V et al (2009). Head and neck squamous cell carci-

noma: value of diffusion-weighted MR imaging for nodal staging. Radiology 251:134-146.



.. 135 ..

Gadofosveset as a negative contrast agent for detecting metastatic axillary lymph nodes

32.  Ramadan S, Mulkern RV (2010). Comment on ADC reductions in postcontrast breast tumors. J 

Magn Reson Imaging 31:262-264.

33.  Lahaye MJ, Beets GL, Engelen SME et al (2009). Gadovosfeset Trisodium (Vasovist (R)) Enhanced 

MR Lymph Node Detection : Initial Observations. The Open Magnetic Resonance Journal 2:28-32.



.....



6.....General Discussion



..138..

Chapter 6

Introduction

MRI has been shown to have a high sensitivity of 90% for the detection of breast 
cancer.1 However nodal staging of breast cancer patients with MRI remains dif-
ficult, as is nodal staging with ultrasound or PET-CT.2-8 The aim of the studies 
described in this thesis was to determine whether there are intrinsic or extrinsic 
nodal MRI or nuclear magnetic resonance spectroscopy (MRS) characteristics 
which can discriminate metastatic from benign nodes on MRI or by MRS measu-
rements. For this purpose first axillary lymph nodes of human, female cadavers, 
without breast cancer, were imaged at ultra-high field strength, 7Tesla (7T), MRI 
to determine the characteristics of non-metastatic lymph nodes. Subsequently, 
axillary lymph nodes of breast cancer patients were imaged at 7T to define the 
differential MRI characteristics of benign and metastatic lymph nodes. The ulti-
mate goal is the development of a non-invasive staging tool for breast cancer 
patients, which informs on both Tumor (T)- and Nodal (N)- stage. Therefore, be-
sides nodal imaging, also the feasibility of breast cancer imaging at 7T was ana-
lyzed, as this is not yet clinically performed at this field strength. Additionally 
the possibilities of N-staging at 3Tesla (3T) were studied, as at this field strength 
breast cancer staging is common practice.9,10

Nodal Staging

Morphological parameters such as long-to-shortaxis ratio, nodal diameter, cor-
tical thickness, absence of a fatty hilum and nodal contour have been used for 
years, in attempt to discriminate benign from metastatic nodes.2;11-15 In this the-
sis morphological features have been studied with the highest spatial resolu-
tion currently available on a clinical scanner. Even under those optimal circum-
stances morphological features were found to have no discriminatory effect for 
characterizing lymph nodes as benign or metastatic. The only morphological 
parameter which showed a high negative predictive value was cortical thick-
ness >3 mm.16

Even though ultra-high field scanning can detect details as small as 180 µm, 
pathology can detect individual cells, as it examines lymph node slices of 4 µm. 
Due to advancements in histopathologic examination, pathologists detect iso-
lated tumor cells, in addition to micro-metastases and macro-metastases. MRI 
cannot detect individual cells, yet. However the precise therapeutic consequen-
ces of lymph nodes with isolated tumor cells is not clear and therefore the cli-
nical relevance of detection of these cells is uncertain.17-22 MRI does image the 
entire node, whereas pathology can only study a certain number of slices per 
node. Also, 7T MRI has been shown to detect more nodes than routine histopa-
thologic examination.23

As morphological features alone cannot discriminate benign from metastatic 
nodes, many studies have also focused on the contrast enhancement of nodes. 
However, the accuracy of gadolinium-enhanced MRI for the detection of no-
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dal metastases is moderate.24 To the contrary, USPIOs, although off the market, 
have shown high accuracy.25 Therefore, the effect of another contrast material, 
gadofosveset which has, similar to USPIOs, a T2* shortening effect, was studied. 
That study showed that gadofosveset-enhanced diffusion weighted imaging 
could discriminate metastatic from benign axillary lymph nodes on the basis 
of a significantly higher signal intensity on post-contrast diffusion weighted 
b=500 images.26 

In this thesis the results are also described of the study of magnetization 
transfer effects, T1, T2 and T2* relaxation time constants and of the apparent 
diffusion coefficients, derived from the diffusion weighted imaging maps, of 
metastatic and non-metastatic lymph nodes at 7T MRI. It was found that me-
tastatic invasion resulted in a pan-nodal lengthening of T2*, even if only mi-
cro-metastatic invasion was present.16 No other parameters than T2* differed 
significantly. That a difference in T2* relaxation time constants was also visible 
in nodes with only micro-metastatic invasion, could possibly be explained by 
the seed-soil hypothesis, according to which certain tumor cells (seeds) can 
only colonize certain tissues which already have suitable growth environments 
(soil).27,28 However, even though the T2* relaxation time constant was signifi-
cantly longer in micro- and macro-metastatic nodes, this difference was small. 
But, this study was performed without the use of contrast agents and in ex 
vivo circumstances. The application of gadofosveset would provide an even 
stronger T2* differentiation, as the T2* shortening of the contrast agent mainly 
affects healthy nodes, as more of the contrast agent will be taken up by the 
healthy nodes than by metastatic nodes. When combining the results of the 
gadofosveset study presented in this thesis, with the results of the quantitative 
parametric parameters of lymph nodes, one would suggest that nodes can be 
discriminated in vivo on MRI with optimization of T2* weighted sequences and 
a T2* shortening contrast agent.

In search for intrinsic discriminatory differences between benign and meta-
static nodes, the lipid content of lymph nodes was analyzed by proton (1H)-MRS, 
as lipid composition has been shown to differ between benign and cancerous 
tissue.29-32 It was found that metastatic axillary lymph nodes contained fewer 
unsaturated fatty acids than benign nodes.33 Therefore lipid content could 
serve as a marker for metastatic nodal invasion. In the future carbon spectro-
scopy could be performed to study more precise the different lipid compounds. 
Also in vivo choline content could be evaluated, which was currently not pos-
sible due to post-mortem choline excretion and overlap with resonances from 
formaldehyde.

Breast tumor staging

MRI is an excellent tool for detecting breast cancer as reported in the first pa-
ragraph. Currently, however, detecting ductal carcinoma in situ (DCIS) is a pro-
blem at MRI. The sensitivity ranges from 20-95%.34,35 Specificity on MRI is found 
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to range between 67% and 90%.36,37 The moderate sensitivity and specificity of 
MRI can be explained due to the wide variety of types of DCIS with different 
nuclear grades, angiogenesis and morphologic aspects of DCIS.38,39 This causes 
a lack of uniformity of imaging characteristics on MRI, such as morphologic cha-
racteristics and a variance in enhancement patterns on dynamic contrast-en-
hanced MRI. Even if MRI detects DCIS, the accuracy is difficult to assess, as there 
is limited data on the correlation of MRI findings to pathology.40 7T breast MRI is 
a new diagnostic technique. The higher field strength of the MRI scanner opens 
a new field of possibilities. The stronger magnet can be used to detect smal-
ler details, due to the higher spatial resolution that can be accomplished. This 
has as a benefit that an increased depiction of the morphologic classification of 
lesions is possible. The higher resolution in combination with new applications 
of scan techniques, such as susceptibility weighted imaging (SWI), can also vi-
sualize more lesion characteristics. SWI is designed to detect, amongst others, 
calcification more easily. Calcification has a different  susceptibility compared 
to glandular tissue and is therefore more readily distinguishable using SWI.41,42 
The SWI contrast, as well as the spatial resolution, increases with field strength, 
therefore high resolution SWI at 7T may enable the detection of micro-calcifica-
tions. In combination with the greater depiction of detail on contrast-enhanced 
and on non-enhanced scans, 7T MRI can possibly accurately detect, classify and 
delineate DCIS while also decreasing the DCIS underestimate. 

At 7T however, several disadvantages exist in respect to breast imaging, cur-
rently precluding a clinical application of 7T breast MRI. One disadvantage of 7T 
breast imaging is that the field of view in the present MRI set-up is restricted, 
so that only one breast can be examined, whereas at clinical 3T bilateral breast 
imaging is possible. Additionally, at 7T the signal-to-noise ratio is reduced to-
wards the chest wall, providing non-uniform images within the breast, whereas 
3T does provide uniform signal-to-noise ratios. At 7T a substantial gradient in 
B1 is observed, which degrades uniformity in MRI, whereas at 3T the B1 remains 
uniform in the entire breast. 

Breast imaging at 7T is a new phenomenon and in this thesis the feasibi-
lity of this imaging technique was assessed. T1 weighted, 1H MRS and diffusion 
weighted sequences were evaluated. Particularly T1 weighted MRI, as used in 
this study for high resolution imaging, is relatively insensitive to B1 variances 
and therefore yields high image quality. In this study no contrast-enhanced 
imaging was applied yet, as it was a feasibility study. But, recently the first data 
have become available of contrast-enhanced imaging of the breast, which 
show at least comparable results to 3T.43 Furthermore, following recent techno-
logical developments in multitransmit concepts for radiofrequency shimming, 
bilateral breast imaging, depiction of the axillary region and application of high 
resolution imaging, SWI is expected to be feasible in the near future.



..141..

General Discussion

Future perspectives of MRI as a non-invasive staging tool

Much technical advancement has already been executed for 3T imaging. But, 
prior to using 3T as a one-stop staging tool for breast cancer patients, prospec-
tive evaluation in larger patient populations is needed to develop consistent 
criteria to distinguish metastatic from benign nodes, as well as to determine 
the diagnostic accuracy of gadofosveset, the negative contrast agent, which 
shows potential for discriminating benign from metastatic nodes. Also, the ex 
vivo results of lymph node characterization need to be verified in vivo at 3T or 
at 7T. For extrapolation of these results to the clinic, the scanning times should 
be shortened and the ex vivo environment, including formalin fixation, should 
be adapted. 

Even though imaging still needs optimization, it has also been shown in this 
thesis that histopathologic evaluation, used as reference standard, can be less 
accurate than MRI. High spatial resolution imaging detected more nodes than 
would have been detected by routine histopathologic evaluation.23 This can be 
kept in mind when an imaging-based staging method is developed, as for cur-
rent clinical medical practice it is not necessary to detect everything. A satis-
factory result would be if the staging would be just as accurate as the current 
reference standard, since the procedure is less invasive. In particular it would be 
beneficial if, with high certainty, benign nodes could be identified, which would 
prevent patients from receiving a sentinel lymph node biopsy unnecessarily.

Conclusion

So far, the only morphological parameter which aids in discriminating benign 
from metastatic nodes, is cortical thickness. T2* and high b-value diffusion 
weighted imaging show promising results for the clinical application of discri-
minating benign from metastatic nodes. Both sequences benefit from negative 
contrast materials and these effects should be exploited. 7T 1H-MRS may be 
useful for detecting axillary breast cancer metastases as metastatic nodes con-
tain fewer unsaturated fatty acids. 7T 1H-MRS, applied in vivo, could also quan-
tify the metabolite choline, as this could be beneficial in the discrimination of 
metastatic breast cancer nodes. At 7T clinical breast cancer imaging could be-
come a reality in the near future. Following the optimization of scan sequences, 
the combination of contrast-enhanced imaging with a negative contrast agent, 
using a breast coil which also depicts the axilla, 3T or even 7T MRI is a promising 
candidate as a one-stop staging tool for breast cancer patients.
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In this thesis nodal characteristics have been assessed with high field magnetic 
resonance imaging (MRI) using a clinical scanner in order to discriminate non-
metastatic from metastatic nodes of breast cancer patients. The final goal is to 
non-invasively determine the nodal and tumor stage of breast cancer patients 
during one MR exam, thereby eventually identifying which patients have non-
metastatic nodes in order to prevent them from undergoing a surgical nodal 
staging procedure. 

High field 3Tesla (T) and 7T MRI were chosen, as they offer important 
diagnostic advantages over other non-invasive imaging modalities for the 
oncological practice. Due to the use of high field strength, new opportunities 
have arisen for the imaging of cancer. Especially at 7T, the newly acquired 
ultra-high resolution enables detailed anatomical imaging. Also molecular 
processes can be made visible in greater detail. This allows structured imaging 
of the metabolism of a malignant process and creates potential for performing 
quantitative molecular imaging and personalized assessment of treatments of 
cancer patients.

First ex vivo axillary lymph nodes of human female cadavers, without 
breast cancer, were characterized at 7T and the findings were correlated with 
pathological analysis, as a first step towards non-invasive staging of breast 
cancer patients in the future (chapter 2.1). Four en-block axillary lymph node 
specimens, consisting of fatty tissue, in which the lymph nodes are situated, were 
imaged. Morphological features were identified and quantitative parametric 
analyses were performed. MRI detected all 45 nodes and 6 additional nodes 
that were not detected by routine pathological analysis. B-cell follicles, efferent- 
and afferent lymph vessels and blood vessels were identified on high resolution 
(180 µm isotropic voxel size) images. It was demonstrated that 7T MRI of ex 
vivo human axillary lymph nodes registered well with pathology and that MRI 
detected all nodes present in the specimens and allowed visualization of fine 
structural detail. 

In chapter 2.2 the association of 7T MRI characteristics with metastatic 
nodal invasion, as determined by histopathology, in dissected sentinel lymph 
nodes of breast cancer patients was investigated. It was demonstrated that 
morphological criteria showed poor discriminatory power, even with ultra-high 
resolution imaging. A fatty hilum was absent in similar percentages in both 
metastatic and non-metastatic nodes and other often used morphological 
measures; nodal volume and length/width ratio, were also not significantly 
different. Cortical thickness did show a high negative predictive value for the 
presence of metastases (threshold 3 mm; p=0.021). Also the results of the 
study of T1, T2, T2* relaxation time constants and of the apparent diffusion 
coefficients measured in the nodes are described. Metastatic invasion resulted 
in a pan-nodal lengthening of T2*, even if only micro-metastatic invasion was 
present. Although the T2* difference was small, the other parameters did not 
differ significantly at all. 

In Chapter 2.3 the quantification of the lipid composition of sentinel lymph 
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nodes of breast cancer patients ex vivo at 7T is described, as lipids are a potential 
discriminatory marker for malignancy. The lipid composition of sentinel lymph 
nodes of breast cancer patients was determined by proton Magnetic Resonance 
Spectroscopy (1H-MRS). The ratios of signals from unsaturated fatty acids to the 
total lipid signal differed significantly. Therefore lipid content could serve as a 
marker for metastatic nodal invasion.

The potential of saturation prepared MR methods for discriminating non-
metastatic from metastatic lymph nodes was also studied. The possibility of 
utilizing high resolution magnetization transfer (MT) and chemical exchange 
saturation transfer measurements on a clinical 7T MR system as a tool to 
discriminate healthy from metastatic dissected lymph nodes of breast cancer 
patients is presented in chapter 2.4. The mean amide proton transfer difference 
and the mean MT ratio at 2800 Hz were not statistically significantly different. 

Substantial attention was paid to the correlation of the acquired MR images 
with histopathology, as pathologic analysis is the current-day reference 
standard in medicine. For this purpose maps were drawn of the MR images to 
locate the lymph nodes ex vivo, MR marker grids were used to locate the lymph 
nodes in vivo and different color dyes were applied to the lymph nodes ex vivo 
at histopathologic examination. These factors all aided in the matching of MR 
images to histopathologic images of the lymph nodes. Furthermore cactus 
spines were applied to ex vivo nodes as extrinsic fiducials. It was shown that 
these are indeed suitable for the correlation of MR imaging to histopathology 
in ex vivo human lymph nodes in chapter 3. Cactus spines can readily be 
identified on both MR and histopathologic imaging and do not interfere with 
histopathologic analysis nor with the MR image quality. As a fiduciary marker 
cactus needles are inexpensive, simple to use, and aid in the accurate intranodal 
correlation of imaged features. Due to the aid of these registration methods MRI 
detected even more lymph nodes in axillary dissection specimens than routine 
histopathologic examination.

Next, as part of the tumor staging of breast cancer patients, in addition to the 
nodal staging, the feasibility of 7T breast MRI was evaluated in chapter 4.  First, 
the intrinsic sensitivity gain at 7T was determined and compared to 3T in healthy 
volunteers. At 7T a 5.7 fold higher signal-to-noise ratio (SNR) was measured 
than at 3T, which reflects the advantages of a higher field strength and the 
use of optimized radiofrequency coils. Subsequently, the clinical application 
of 7T MRI in breast cancer patients receiving neo-adjuvant chemotherapy was 
explored. High morphological detail was obtained on fat-suppressed images 
with an isotropic resolution of 450 µm³. Therefore substantially greater detail 
than at 3T was depicted. Additionally we showed the first results of diffusion 
weighted imaging and 1H-MRS of breast cancer patients receiving neo-adjuvant 
chemotherapy, thereby proving that these techniques could potentially be 
performed clinically.

Thus far it has been shown that without the use of contrast agents, 
discriminating metastatic from benign nodes is not straightforward, even at 
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high resolution ex vivo MRI at 7T. Therefore, lastly, the effect of a contrast material 
with a T2* shortening effect, gadofosveset, was studied on the discriminatory 
power of metastasis in lymph nodes (chapter 5). In that study gadofosveset-
enhanced diffusion weighted imaging was found to be able to discriminate 
metastatic from benign axillary lymph nodes on the basis of a significantly 
higher signal intensity on post-contrast b=500 images.

In summary this thesis has explored the potential of high field MRI as a non-
invasive method for staging breast cancer patients. Following the optimization 
of scan sequences, the combination of contrast-enhanced imaging with a 
negative contrast agent, using a breast coil which also depicts the axilla, 3T 
or even 7T MRI is a promising candidate as a one-stop staging tool for breast 
cancer patients.
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In dit proefschrift zijn lymfeklierkarakteristieken van borstkankerpatiënten 
geanalyseerd, door middel van hoogveld “Magnetic Resonance Imaging” 
(MRI), om te kunnen discrimineren tussen lymfeklieren met en zonder 
metastasen. Het doel is om niet-invasief het lymfeklier- en tumorstadium van 
borstkankerpatiënten te bepalen tijdens één MRI-onderzoek, om uiteindelijk 
te kunnen bepalen welke borstkankerpatiënten geen lymfekliermetastasen 
hebben. Deze patiëntengroep kan een onnodige, chirurgische schildwacht- 
klierprocedure worden bespaard. 

Hoogveld, 3Tesla (T)- en 7T-MRI, werd gekozen omdat hoogveld belangrijke 
voordelen biedt voor de oncologische praktijk. Door de hoge veldsterkte worden 
nieuwe mogelijkheden gecreëerd voor de beeldvorming van kanker. Vooral 
op 7T kunnen vanwege de verworven ultrahoge resolutie zeer gedetailleerde 
anatomische beelden worden verkregen. Ook kunnen moleculaire processen 
beter in kaart worden gebracht, waardoor er nauwkeuriger functionele 
informatie van een tumor kan worden verkregen. 7T-MRI heeft de potentie 
om kwantitatieve moleculaire beeldvorming en individuele beoordeling ten 
behoeve van de behandeling van patiënten met kanker realiseerbaar te maken.

Als een eerste stap richting het niet-invasief stadiëren van borstkanker- 
patiënten in de toekomst, zijn ex vivo oksellymfeklieren van vrouwelijke 
kadavers, zonder borstkanker, gekarakteriseerd op 7T-MRI door middel van 
hoge resolutie scans (hoofdstuk 2.1). De MRI-bevindingen zijn klier-voor-
klier gecorreleerd met de histopathologische analyse van de verkregen 
oksellymfeklierdissectie-preparaten. Morfologische kenmerken werden 
geïdentificeerd en kwantitatief parametrische analyses werden uitgevoerd op 
de MRI-beelden. MRI had alle 45 door de pathologie gevonden lymfeklieren 
correct geïdentificeerd, plus 6 extra klieren, die niet waren ontdekt tijdens 
de standaard pathologische analyse. B-cel follikels, efferente en afferente 
lymfevaten en bloedvaten werden geïdentificeerd op de MRI-beelden met 
180 µm isotrope resolutie. Het onderzoek toonde aan, dat 7T-MRI van ex vivo 
oksellymfeklieren goed overeenkomt met de pathologische analyse, dat MRI 
alle aanwezige lymfeklieren detecteert en dat MRI kleine morfologische details 
goed kan visualizeren.

Vervolgens is in hoofdstuk 2.2 de associatie onderzocht tussen 7T-MRI 
eigenschappen en metastasen, zoals bepaald door de histopathologische 
analyse, van lymfeklieren van borstkankerpatiënten. Er is aangetoond 
dat morfologische criteria een slecht discriminerend vermogen hebben, 
zelfs op beeldvorming met ultrahoge resolutie. Een vetrijk centrum was 
afwezig in vergelijkbare percentages in zowel gemetastaseerde als in niet-
gemetastaseerde lymfeklieren. Andere morfologische kenmerken die vaak 
gebruikt worden, zoals lymfekliervolume en lengte/breedte verhouding, waren 
eveneens niet significant verschillend. Cortexdikte met een drempelwaarde 
van 3 mm (p = 0,02) laat wel een hoge negatief voorspellende waarde zien voor 
de aanwezigheid van metastasen. Wat betreft de kwantitatieve parametrische 
analyses werden vergelijkbare T1-, T2- en T2*-relaxatie tijdsconstanten en 
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“apparent diffusiecoëfficiënten” gemeten voor gemetastaseerde als voor 
niet-gemetastaseerde lymfeklieren. Door middel van T2*-kwantificatie 
konden wel lymfekliermetastasen worden herkend. De T2*-relaxatiewaarden 
waren significant verschillend tussen beide groepen klieren. Echter, de inter-
individuele verschillen zijn klein, wat een eenvoudige klinische implementatie 
belemmert. Geen van de andere parametrische of morfologische parameters 
had een toegevoegde waarde voor het discrimineren tussen gemetastaseerde 
en niet-gemetastaseerde klieren.

Daarnaast is het vetgehalte van schildwachtklieren van borstkankerpatiënten 
ex vivo gekwantificeerd op 7T, aangezien lipiden een potentiële discriminerende 
marker zijn voor maligniteit. Dit onderzoek is beschreven in hoofdstuk 2.3. 
In dat hoofdstuk is vastgesteld dat de verhouding van de lipidesignalen van 
onverzadigde vetzuren ten opzichte van het totale lipidesignaal, bepaald 
door middel van proton magnetische resonantie spectroscopie, van 
schildwachtklieren met en zonder metastasen van borstkankerpatiënten, 
significant verschilt. Lipiden kunnen als een marker voor metastasering van 
lymfeklieren fungeren. 

Vervolgens zijn de mogelijkheden onderzocht van verzadigde MRI-
pulssequenties om niet-gemetastaseerde van gemetastaseerde lymfeklieren te 
kunnen onderscheiden. In hoofdstuk 2.4 wordt de toepassing van hoge resolutie 
“magnetisatie transfer” en “chemical exchange saturation transfer” metingen 
als discriminatiemethode op 7T-MRI gepresenteerd. De gemiddelde “amide-
proton-transferwaarden” en het gemiddelde “magnetisatie transfer” ratio op 
2800 Hz verschilden niet significant tussen de verschillende lymfeklieren.

Ten behoeve van de studies beschreven in dit proefschrift is een 
aanzienlijke hoeveelheid aandacht besteed aan de correlatie van MRI-
beelden met pathologie, omdat pathologie in de huidige medische praktijk 
de referentiestandaard is. Voor deze correlatie zijn handgetekende kaarten 
opgesteld, is gebruik gemaakt van een zelfontworpen raster van MRI-markers, 
zijn verschillende kleurstoffen ter oriëntatie gebruikt en zijn cactusnaalden 
toegepast als extrinsieke markeringen. In hoofdstuk 3 is aangetoond dat 
cactusnaalden geschikt zijn als extrinsieke markeringen voor de correlatie 
van MRI-beelden met histopathologie van ex vivo menselijke lymfeklieren. 
Cactusnaalden kunnen gemakkelijk worden geïdentificeerd op zowel MRI 
als op histopathologische beelden. Bovendien interfereren ze niet met de 
histopathologische analyse. Als externe markers zijn cactusnaalden goedkoop, 
eenvoudig te gebruiken, en faciliteren een nauwkeurige intra-lymfeklier 
correlatie. Mede dankzij deze correlatie methoden heeft MRI zelfs meer 
lymfeklieren gedetecteerd in oksellymfeklierdissectie-preparaten dan routine 
histopathologisch onderzoek.

Als volgende stap richting het niet-invasief stadiëren van patiënten met 
borstkanker is, naast het bepalen van de lymfeklierstatus, de haalbaarheid 
van 7T-MRI van de borst geëvalueerd in hoofdstuk 4. Eerst is bij gezonde 
vrijwilligers de winst in intrinsieke gevoeligheid bepaald van 7T ten opzichte 
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van 3T. Op 7T werd een 5,7-voudige hogere SNR (signaal-ruis verhouding) 
gemeten dan op 3T. Dit weerspiegelt de voordelen van een hogere veldsterkte 
en het gebruik van geoptimaliseerde radiofrequente spoelen. Vervolgens zijn 
de klinische mogelijkheden verkend van 7T-MRI bij borstkankerpatiënten die 
werden behandeld met neo-adjuvante chemotherapie (NAC). Er konden meer 
anatomische details worden afgebeeld op 7T dan op 3T, aangezien op 7T 
een resolutie van 450 µm³ werd verkregen. De eerste resultaten van diffusie 
gewogen beeldvorming en van proton magnetische resonantie spectroscopie 
van borstkankerpatiënten, die werden behandeld met NAC, op 7T-MRI zijn 
gepresenteerd. 7T-MRI van de borst is technisch haalbaar en biedt klinische 
toepassingsmogelijkheden.

Tenslotte is onderzocht of het mogelijk is om de oksellymfeklierstatus 
van borstkankerpatiënten te bepalen op 3T met behulp van “gadofosveset-
enhanced” T1-, T2*- en diffusie gewogen (DWI) MRI, met pathologie als 
referentiestandaard (hoofdstuk 5). Er is aangetoond dat “gadofosveset-
enhanced” DWI gemetastaseerde van niet-gemetastaseerde lymfeklieren kan 
discrimineren op basis van een significant hogere signaalintensiteit van de 
gemetastaseerde klieren op post-contrast b = 500 beelden.

Samenvattend heeft dit proefschrift de mogelijkheden van hoogveld-MRI 
verkend als een potentiële niet-invasieve methode om borstkankerpatiënten 
te stadiëren. Nadat scansequenties zijn geoptimaliseerd, “contrast-enhanced” 
beeldvorming met behulp van een negatief contrastmiddel verder is uitgewerkt 
en een bilaterale borstspoel ontwikkeld is waarmee ook de oksel kan worden 
afgebeeld, kan 3T- en/of 7T-MRI een “one-stop” stadiëringsmethode zijn voor 
borstkankerpatiënten.
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☺
Als je toe bent aan het schrijven van je dankwoord, gaat het de goede kant op 
met je promotie. Dat het deze kant op gaat is dankzij heel veel mensen die ook 
bijzonder veel werk, tijd en energie in de hiervoor geschreven hoofdstukken 
hebben gestoken. 

Er is iets met het scannen rond middernacht, omgeven door donkere gangen 
waarvan het licht niet altijd aangaat en andere (MRI-gerelateerde) apparaten 
die niet altijd doen wat ze zouden moeten doen; het schept een band. Het 
werken te midden van enthousiaste, gemotiveerde collega’s die druk bezig 
zijn met het bedenken en testen van nieuwe ideeën, is heel aanstekelijk en 
stimulerend. Je nieuwsgierigheid wordt nog meer gevoed. Ik heb met veel 
plezier aan dit onderzoek gewerkt, inclusief de “uitdagende” issues. Voor de 
mogelijkheid om hier te werken en dat het nu afgerond en in een boekje ligt, 
ben ik de volgende mensen dank verschuldigd.

Professor Willem Mali, ik wil u bedanken voor het mogelijk maken van dit 
onderzoek en het steunen en stimuleren van mij en de andere wetenschappers. 
U heeft daar tijd voor vrijgemaakt en een omgeving, een onderzoeksklimaat, 
gecreëerd waarin discipline overstijgende wetenschap kan worden uitgevoerd. 

Wouter Veldhuis, ik wil jou bedanken voor je tijd, je enthousiasme, het 
zien van mogelijkheden en intelligente oplossingen. Dat zijn vier sterke 
karaktereigenschappen waarmee je mij begeleid hebt en dit onderzoek mede 
tot een succes hebt helpen maken.

Dennis Klomp, ik wil jou bedanken voor het zien van verbanden, de vrolijkheid, 
het genieten van de vele uitdagingen en het bedenken van slimmigheden. 
Zonder deze eigenschappen zou dit 7T onderzoek niet zo betrekkelijk 
eenvoudig van de grond zijn gekomen en zou ik verstrikt zijn geraakt in de 
ongekende diepten van de magnetische resonantie spectroscopie.

Professor Peter Luijten, ik wil u bedanken voor het ter beschikking stellen van 
het sterke wetenschappelijke team waarvan u aan het hoofd staat, voor uw 
adviezen en natuurlijk voor de tientallen uren scantijd per week.

Professor Paul van Diest, beste Paul, ik wil jou bedanken voor alle tijd en 
stimulans (het woord enthousiasme zou een understatement zijn) die ik de 
afgelopen jaren van je heb mogen ontvangen. De pathologie is voor mij gaan 
leven en het heeft voor mij de geneeskunde inzichtelijker gemaakt. Tevens wil 
ik via deze weg de medewerkers op de uitsnijdkamer bedanken voor hun inzet, 
flexibiliteit en tijd die allen noodzakelijk waren voor het succesvol uitvoeren 
van dit onderzoek.
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Professor van Hillegersberg, ik wil u bedanken voor de samenwerking tussen 
de radiologie en de chirurgie. Anand Menon en in het bijzonder Arjen Witkamp, 
ik wil jullie bedanken voor het onder de aandacht brengen van dit onderzoek 
op jullie poli’s, jullie attente opmerkingen, interesse, toeschietelijkheid, 
bereikbaarheid en steun voor dit onderzoek. Natuurlijk horen in deze rij ook de 
nurse-practitioners en de mammacare-verpleegkundigen thuis: Sieta Sijtsema, 
Petra Duijveman, Marieke van de Grootevheen, Ingrid de Vries, Aagje Romijn 
en Yvonne Taffijn. Vriendelijk bedankt voor al jullie moeite, begeleiding en 
belangstelling.

Professor Maurice van den Bosch, beste Maurice, ik heb veel bewondering voor 
jou en je hebt onder andere vanwege je steun, hulp, inzet, bereidwilligheid en 
vriendelijkheid een zeer bijzondere plaats in mijn promotietraject. Voor alles 
dank je wel!

René Eijkemans, ik wil jou bedanken voor de statistische ondersteuning zonder 
welke de interpretatie van dit werk weinig zeggend was geweest. 

Professor Peter van Zijl, ik wil jou heel hartelijk bedanken voor het meedenken, 
de gastvrije ontvangst en de veilige thuisreis uit Baltimore. 

Fredy Visser en Jaco Zwanenburg; hé daar Fredy en Jaco! Mijn eerst 
scanervaringen mocht ik met jullie delen. En dat is een voorrecht als je voor 
het eerst geconfronteerd wordt met ongrijpbare materie. Die ervaring, van 
ongrijpbare materie, heeft lang voortgeduurd want alle scansequenties 
moesten vanaf scratch worden ontwikkeld en getest. Bedankt voor jullie 
eindeloze geduld, zeeën van tijd en trouwe hulp. Zonder jullie was deze 
promotie er niet geweest. Mijn dank is groot.

Daniël Polders, Hans Hoogduin, Vincent Boer, jullie hebben me bovenal geleerd 
om aan alles te twijfelen. Of in ieder geval jullie hebben me geleerd dat echte 
wetenschappers aan alles twijfelen ☺. En dat het belangrijk is om precies te 
zijn, maar tegelijkertijd dat het bijna onmogelijk is om precies te zijn en om 
waarden in precieze getallen weer te geven. (Zou ik dit nu goed uitdrukken?) 
Sinds dat ik jullie ken is de wereld er daarom niet eenvoudiger op geworden. 
Dat is mooi! Dank jullie wel voor deze verrijkingen.

De rest van dé 7T; Catalina, Wybe, Alex, Wouter, Irene, Mathijs, Ingmar, Hanneke, 
Esben, Michel, Jeroen, Natalia, Hugo, Bart, Mariska, Jannie en Sylvia dank jullie 
wel voor al het plezier en de open-mindedness waarmee jullie werken. Het was 
een genot om in die sfeer te mogen werken.
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Ganggenoten op Q4: Astrid, Michiel, Anna, Alessandro, Sjoerd, Ozlem; Bedankt 
voor de koffie, Turkse, Russische, Italiaanse en muzikale intermezzo’s en het 
gezelschap bij avond- of feestdagwerkzaamheden!

Beste Christiaan Koolstra, en Suzanne Diepstraten, dank jullie wel voor jullie 
inzet en toewijding bij het scannen van patiënten. Als jullie een toekomst 
opzoeken met de MRI als hoofdrol erin, zal jullie dat zeker niet misstaan!

Alle collega onderzoekers; Ewoud, Mandy, Hamza, Tom, Alexander, Beatrijs, 
Malou, Tim, Onno, Jesse, Lisa, Niek, Reinoud, Jan Willem, Maurits, Sandra, 
Thomas, Ricardo, Jet, Merel, Marlijne, Joost, Arthur, Charlotte, Jill, Joris, Anouk, 
Nolan, Bart-Jan, Maarten en Cecile, ik wil jullie bedanken voor de vele mooie 
herinneringen, bijvoorbeeld het eten in Blauw, ISMRM, RSNA en Imagodagen. 

Hendrik de Leeuw, Kenneth Gilhuijs en Niels Blanken, ik wil jullie bedanken voor 
jullie toegevoegde waarde aan mijn promotieperiode.

Beste opleiders en collega’s op de werkvloer in het UMCU, ik wil jullie bedanken 
voor het faciliteren van dit traject.

Rob de Vries, mijn oud-opleider en voorbeeld in de passie voor de Radiologie, 
je hebt aan de basis gestaan van mijn radiologiecarrière. Ik zou me geen betere 
basis kunnen wensen. Als de term “dankjewel” dekkend genoeg is, wil ik je van 
harte bedanken! Bijvoorbeeld voor al het vertrouwen en de mogelijkheden die 
je mij geboden hebt. Otto Elgersma, ik wil jou bedanken voor de vele positieve 
ervaringen die je mij hebt gegeven bij het zetten van de eerste stappen in de 
radiologisch wetenschappelijke wereld. De rest van de maatschap radiologie in 
het Albert Schweitzer Ziekenhuis, waaronder Tadek Hendriksz en Pieter van de 
Valk, dank jullie wel voor de steun waarmee dit traject gestart is en vooral ook 
het grote plezier waarmee ik terugkijk naar mijn tijd bij jullie.

Annemarie Schmitz en Marianne Voogt  ; yo yo yo chicka’s! Het opzetten van 
een promotieonderzoek was lang niet zo bijna feestelijk geweest zonder jullie 
twee als bruisende kamergenoten. Aan motivatie geen gebrek, want “women 
who strive to be equal to men, lack ambition”, hing op de kamerdeur. De toon 
was gezet. En die toon hebben we ook vrolijk doorgevoerd buiten de kamer; 
sinds vorig jaar zijn we de trotse eigenaars van een GVB! En natuurlijk twee 
vriendinnen rijker.

Bertine Stehouwer, Laura Merckel en Anja van der Kolk; giorno ladies :D! 
Opnieuw een “meidenkamer” trof ik aan na de volgende kamerverhuizing. 
Per geaccepteerd (of gesubmit-, dat telde ook) abstract of artikel werd er 
getrakteerd op zelfgebakken taart. Sindsdien is de artikel-submissie-rate nog 
meer opgevoerd. Succes smaakt naar meer namelijk! Thanx voor deze topcombi 
van gezelligheid en werken. 
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Promoveren doe je, zoals blijkt, niet alleen. Zo hebben gedurende mijn promotie 
veel mensen geholpen met allerlei logistieke issues. Het stafsecretariaat, 
bedankt voor het assisteren op vele belangrijke fronten. Het Technisch Cluster 
wil ik bedanken voor het ondersteunen van een variëteit aan databases en 
andere IT oplossingen die ze wisten aan te dragen. De afdeling fotografie voor 
de lay-out van posters, het in-scannen van documenten en voor het op de 
hoogte zijn van alles wat speelt op de afdeling. In deze rij hoort ook, last but 
zeker not least Roy Sanders thuis die ook de lay-out van dit proefschrift heeft 
geregeld, waarvoor veel dank!

Lieve kleine Louise, dit boekje heb ik aan jou opgedragen, als symbool. Deze 
reis ben ik bovenal voor mijzelf aangegaan, maar ergens ook een klein beetje 
als idealist, aangezien ik de toekomst als bestemming heb uitgekozen. Ik hoop 
dat jij daar met veel plezier en in goede gezondheid in kan leven. 

Voor en na het werk is er tijd voor vriendinnen! Lieve Bon’tgenoten; Eline, 
Annemarie, Liesbeth, Bernadette, Meehea, Muys, Quirine, Frederike, Ellen. 
Philippine, Erica, Eveline, Josine, veel meer dingen hadden we tot nu toe niet 
met elkaar mee kunnen maken; van bavianen tot baby’s, van zebrabroeken tot 
Seoul-se trouwkleding, van ciska’s tot (alcoholvrije) champagne. Het was tot 
dusver super, en ben benieuwd wat voor mooie momenten nog meer gaan 
komen. Lieve Pien, Eer, Eef en Sien in het bijzonder; ja wat moet ik zeggen, 
om maar een begin te maken; dank jullie wel voor alle steun, gezelligheid, tijd 
en vriendschap de afgelopen jaren. Gelukkig dat de absolute afstand relatief 
gezien een stuk kleiner is, maar nooit klein genoeg. 

Lieve pap, mam, Rem en Elske. Familie is er altijd en overal, ook als er geen tijd 
is of te weinig tijd wordt vrijgemaakt. Thanx voor jullie “zijn” en de “altijd”. Dat 
heeft me zekerheid en vrijheid gegeven om er voor te gaan, waar en wanneer 
dan ook. Zonder dat weet ik niet waar ik nu zou staan. 

Lieve Robert, thanxxo voor het tennissen herfst 2010 en de onmisbare off-
season support sindsdien. Met jou wil ik nog wel veel vaker een cupcake eten. 
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Mies Andrea Korteweg was born on the 22nd of August 1978 in The Hague, the 
Netherlands. At the age of seven she moved with her family to Washington D.C., 
where she attended a local elementary school. In 1996, having moved back 
to the Dutch North Sea coast, she graduated from the Christelijk Gymnasium 
Sorghvliet in The Hague. She spent 1996-1997 learning French (passing the 
Diplôme Elémentaire de la Langue Française exams) in Chambéry and trying 
to pick-up a British accent in Oxford over the summer. From 1997-2004 she 
was registered at the University of Leiden where she studied medicine and 
followed several courses in ethics, anthropology and forensic psychiatry. She 
also followed an internship in hematology in Oslo, Norway and in dermatology 
in Paramaribo, Suriname. As a medical student she worked for Bio Implant 
Services, a part of the Dutch Transplantation Foundation, explanting bone- 
and cornea tissue. She learned Indonesian while performing her scientific 
research project in 2001-2002 in Bandung, Indonesia. The project, entitled; 
“Epidemiological research of a non-cervical cancer population in the Dr. 
Hasan Sadikin Hospital in Bandung, Indonesia”, was part of a Leiden University 
Medical Centre research for the development of a cervical cancer vaccine. In 
2005 she started her residency in Radiology at the Albert Schweitzer Hospital 
in Dordrecht under supervision of Dr. A.R. de Vries and T.R. Hendriksz. She was 
a member of the board of radiology residents of the Radiological Society of the 
Netherlands from 2006-2009. The work in this thesis was performed from 2008 
until 2011 in the University Medical Centre Utrecht, where she also continues 
her training in Radiology under the supervision of Prof. Dr. J.P.J. van Schaik.



.....



.....


	Voorzijde Omslag Mies Korteweg
	Binnenwerk drs. korteweg Pedel
	Achterzijde Omslag Mies Korteweg



