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ABSTRACT

MRI of the breast has, since the introduction of gadolinium contrast agents, been
increasingly used in breast investigations. MRI has been found to have a high
sensitivity but a low specificity in cancer detection. The aim of this thesis was to study
and establish the role of MRI in the clinical diagnosis of breast lesions. Which kind of
lesions and which patients would benefit the most from MRI of the breast as an adjunct
to other breast imaging modalities, and how should MRI be used in a clinical setting?
In study I a comparison of the appearance of 27 lesions in two different T1-weighted
3D sequences regarding the contrast inherent in the sequences and following contrast
enhancement was performed. Due to strong and widespread enhancement on the
routine FLASH-sequence these lesions were examined with another T1-weighted
sequence. The FLASH-sequence was found to have a high sensitivity, revealing
contrast-enhancing areas, and therefore remains the first choice for routine
examinations. The MPRAGE-sequence was found to increase the specificity by
downgrading false positive lesions to true negatives.

In study II the histological changes caused by fine needle aspiration biopsy (FNAB)
that theoretically might affect the evaluation of breast lesions on semidynamic MRI
was evaluated in 17 lesions. According to our result MRI can be performed irrespective
of the time interval to a performed FNAB, as the evaluations were not impaired.

In study III dynamic contrast enhanced MRI (CE-MRI) was found to be a valuable
adjunctive method to clinical examination, mammography and FNAB (triple
diagnosis, TD) due to high sensitivity, but at the cost of a decreased specificity. This
decrease was less pronounced in mammographically dense breasts, and hence these
patients might benefit most from CE-MRI as an adjunctive investigation.

In study IV lesion size at CE-MRI and mammography were compared to
histopathological size. The size of a breast cancer is of importance in the choice of
treatment, in particular when breast-conserving surgery is considered. CE-MRI and
mammography were both good at measuring the size of detected invasive breast
malignancies. The total sizes of malignant lesions were frequently underestimated by
both methods.

In study V the diagnostic accuracy of CE-MRI and scintimammography was compared,
and the clinical value as an adjunct to mammography was evaluated. Dynamic CE-MRI
and *’"Tc-sestamibi scintimammography showed comparable diagnostic accuracy, but
a better accuracy was found for the combination of CE-MRI and mammography when
using ROC-curves for evaluation. In lesions smaller than 10 mm in size **™ Tc-
sestamibi scintimammography was found to be less reliable due to the low spatial
resolution.

In conclusion, MRI is a useful tool in breast diagnosis, in particular due to its high
sensitivity, the ability to exclude multifocality/multicentricity and accuracy in
determining size and extent of a lesion. Due to the low specificity MRI is not to be
recommended as a general screening tool, but as an adjunctive method in selected
cases.
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INTRODUCTION

BACKGROUND

Epidemiology

Today breast cancer is the most common cancer among women, and the second most
common of all cancers, lung-cancer being the most common overall. In the year 2000
almost 1 million new cases, 22% of all cancers in women were diagnosed worldwide.
There were 375 000 deaths from breast cancer, of which more than half occurred in
industrialized countries (123).

In the United States it has been estimated for the year 2001 that 192 000 women will
get the diagnosis breast cancer, 40 600 with in situ carcinoma, and 40 200 will die of
breast cancer (17). Breast cancer is an uncommon malignancy in men, and represents
less than 1% of all breast cancers.

The 1-year survival rate in Europe in the year 2000 was 91% and at 5 years 65%, while
in the USA the overall 5-year survival for localized disease was 96,8% but only 20,6%
for patients with distant metastases (16, 123).

In Sweden approximately 27 % of all female cancers are breast cancers, and each year
5800 new cases are diagnosed. The incidence, which increases with age, has since the
1970s increased by 2% per year until the 1990s when a decline was noted (124).
During the same period the survival-rate has been unchanged or even increased. This is
due to early detection of smaller and more frequent node-negative tumours, achieved
by regular controls including mammographic screening and breast self examination
(BSE), but also continuously improved treatment methods (89).

Risk factors

One risk factor for developing breast cancer is genetic heritage, the genes BRCA1 and
BRCAZ2, but also genes involved in oestrogen metabolism increases the risk. The most
important factors influencing the risk of developing breast cancer are reproductive and
hormonal factors with increased risk by early menarche, late age at first birth, low
parity and late menopause. Oral contraceptives give a small rise in risk while taken, and
the risk disappears 10 years after cessation of contraception. In the same way hormone
replacement therapy (HRT) increases the risk in long-term use, with a greater risk if
used in combination therapy with progestin. The Swedish Council on Technology
Assessment in Health Care (SBU) in May 2002 presented a review on HRT, where
they stated that the risk of developing breast cancer increases by years of HRT, and
decreases after ceased treatment. The addition of gestagens does not decrease the
cancer risk, but oestrogen-treatment-induced cancers seem to have a less malignant
course than breast cancers not associated to HRT (146).

High socio-economic status, increasing age up to 50 years of age, higher alcohol intake
and obesity after menopause are other factors associated with increased breast cancer
risk (93, 94, 123).

In Sweden a correlation with breast cancer and socio-economic status has been shown
in a study of 1462 women over a 24-year period. Higher socio-economic status



correlated to increased risk in all-site cancer mortality and elevated breast cancer
morbidity, while the risk of cardiovascular disease was decreased (19).

No preventive method for breast cancer has yet been defined. Special attention and
control can so far only be planned among the known hereditary cancers. Therefore
early detection of cancer is needed if an improved survival-rate or possible cure is to be
achieved. Good diagnostic methods are necessary, not only for early detection but also
for determining lesion type, size and assessment of spread to regional lymph nodes as
well as distant metastases. In the choice of therapeutic approach and when breast-
conserving surgery is considered this evaluation is particularly important.

At present there is ongoing research to find out which factors cause the start and
development of a breast cancer. There might be several factors involved considering
that breast cancer is a complex and heterogeneous disease. Polyak (126) discusses the
theory of the natural history of breast cancer as a progressive sequence through several
defined clinical and histopathological stages. The series of events range from the
normal cells via hyperplasia and atypical ductal hyperplasia progressing into in situ
carcinoma and invasive carcinoma, to finally end up in a metastatic disease. A fully
developed cancer is defined to exhibit sustained cell proliferation, disregard of growth
and differentiation controlling signals, resistance to apoptosis, ability to invade
surrounding tissue and induction of angiogenesis. All these factors can develop at
different stages, maybe from different causes, and are present in pre-invasive states of
cancer. A presently investigated hypothesis suggests that myoepithelial cells
surrounding the mammary ducts can be responsible for limiting tumours to be invasive,
as loss of this cell type only exists in invasive breast tumours thus permitting invasion
and tumour progression. At present it is also considered that fibroblasts of mammary
tissue, and possibly also macrophages, eosinophile granulocytes, endothelial cells, as
well as mammary epithelial stem cells might be of importance in the cancer
progression.

A theory is presented that cancer is not just caused by the tumour cell itself and maybe
not by a group of abnormally growing cells but represents an abnormal organ with
multiple cell types communicating with each other. Therefore further research to find
the causes pursuing cells to start a cancerous growth is necessary, also so that new
treatments and effective prophylactic measurements could be defined (126).

BREAST DIAGNOSTIC METHODS

Several methods have been used and studied in breast diagnostics, which will be shortly
described below.

Clinical breast examination

Clinical breast examination (CBE) or breast self examination (BSE) with palpation of
breasts and regional lymph nodes is the basis for all evaluations. Breast lesions smaller
than 1 cm are usually very difficult or impossible to find at palpation, in particular in
large breasts, when lesions are located deep in the breast parenchyma and in younger
women. Palpation is a subjective measurement of size of a lesion and there is a
tendency to define the sizes in ranges not closer than 0,5-1 cm (153). Therefore BSE,
although important, is of limited value in finding the small, early cancers. There is still
a place for regular BSE for individual women, as a palpable mass will lead to further



investigation and clinical mammography, and a few percent of breast cancers (verified
by cytology or surgery) will be detected solely by BSE as a palpable mass while having
a normal mammogram (17).

In the clinical evaluation a thorough palpation of the breasts and regional lymph node
stations by an experienced surgeon or oncologist is of great importance.

Mammography

Mammography is currently the only imaging modality suitable for screening as well as
for an evaluation of patients with clinical symptoms. It is also a commonly available
method with established criteria for the evaluation and performance of examinations.
Mammography has a high sensitivity to detect malignancies in fatty breast tissue and
also is the best method for detecting microcalcifications. However, in dense breast
parenchyma it can be difficult to diagnose a malignant lesion, although
microcalcifications are readily seen (77, 145).

During many years experience has increased and a recommendation from the American
college of radiology on how to interpret mammography has been used for many years,
BI-RADS (Breast imaging reporting and data system) (3).

Mammography is the most important method in breast diagnostics since many years.
The now developed digital imaging gives more possibilities for mammography and will
be of great diagnostic advantage, not only by decreasing the radiation doses.

Ultrasonography

Ultrasonography (US) is frequently used as a complementary method for distinguishing
cysts from solid lesions and as an aid at punctures (fine-needle or core biopsy), but it
has not been useful as a screening method (66). With the development of small-part
transducers US combined to mammography improve the detection rate of breast cancer,
especially in younger women with dense parenchyma where mammography has known
limitations. The use of colour Doppler US analysing the blood flow of a lesion is a new
method, still being evaluated (9). The use of contrast media in US, which also is being
evaluated, might improve the diagnosis and give new opportunities for localized
treatment.

Because of interpreter variability US is difficult to reproduce, and the evaluations are
dependent on experience of the interpreter. During recent years studies have been
performed to explore reliable characteristics of breast masses at US and to define signs
typical of benign respective malignant lesions. So far US cannot be recommended for
screening, not even in women with dense parenchyma, but is of adjunctive value in
differentiation of diagnosed lesions (mammographic or palpable). However, biopsy of a
lesion still has to be performed for best definition, and cannot be excluded in any work-
up of breast masses (102, 128, 157).

Triple diagnosis

A commonly used routine evaluation of breast lesions is called triple diagnosis (TD),
which includes a combination of clinical breast examination, mammography and
cytological examination of fine-needle-aspirations (47). This is at present the main
routine investigation for a breast lesion in Sweden. In some cases where cytological



evaluation is difficult (for example in fibrotic lesions poor of cells) a core-biopsy is
necessary to get a larger sample for a histopathological evaluation.

Computed tomography

Chang tried Computed Tomography (CT) in breast examinations in 1977. He found the
use of contrast media necessary and it has been confirmed that CT cannot be used as a
screening tool for breast malignancies. However it can add useful information
regarding recurrent malignancy, parasternal metastases or chest wall/skeletal
engagement of breast malignancies. Clinically unsuspected lesions can thus be
diagnosed and CT can be of value when choosing therapy and planning the area for
radiation treatment (91, 105, 135). A disadvantage in using CT is the high radiation
dose and CT should only be used in few selected patients.

Nuclear medicine imaging techniques

Since the 1980s breast tumours have been evaluated using isotopes and many different
scintigraphic techniques have been tried. During the last decade **™Tc-Sestamibi,
initially used for myocardial evaluations, has gathered interest after showing accidental
uptake in a breast tumour (72). Even though scintimammography shows uptake in
tumours, the signal-to-noise ratio is not sufficient enough to reliably diagnose tumours
smaller than 1 cm. Scintigraphy can therefore not be used for screening but can be used
as a complementary examination in selected cases, as the specificity is high.

A Sentinel-node method has been developed over recent years. Initially a dye was used
to mark an area peritumourally or subdermally close to the tumour. Today
lymphoscintigraphy or a combination of both methods is used for detection of the first
lymph node to drain lymphatic from the tumour. With this method it is possible to
exclude surgery of axillary lymph nodes if no metastases are diagnosed in the Sentinel
node peri-operatively (37).

Positron emission tomography (PET) is another method showing metabolic
characteristics, most often using FDG (fluorodeoxyglucose), which also can be applied
in breast tumours and metastasising disease (86). Although it is a sensitive method it is
expensive and technically complex, available only in few centres. Because of the low
availability and the low spatial resolution PET is at present used only in a few, selected
cases (56, 132).

Other methods

Thermography and transillumination are methods initially thought to be valuable in
breast diagnostics, in particular as it uses no radiation. Initially there were findings
supporting the use of thermography as a prognostic indicator (31, 64). Evaluations have
shown thermography to have unacceptably high numbers of both false-positive and
false-negative results and cannot be used as an independent prognostic indicator (108,
141, 142), thus not applicable in the diagnosis and detection of breast lesions.
Transillumination was described during the 1920-30s, using red and infrared light to
assess the reflection, scattering and absorption of the light when passed through breast
tissue. During the past 50 years the method has improved by new techniques and



computer manipulation (2, 67, 68, 137), but is at present of no clinical use as its
sensitivity is much lower than mammography, and since it is not able to identify small
lesions and lesions situated deep in the breast parenchyma.

The latest development is the use of electrical impedance scanning (EIS) using the
quantifiable parameters conductance and capacitance, which has been studied at few
sites. This method is thought to recognize the changed metabolism in the cancer cells,
changes of cellular water content and amount of extracellular fluid as well as
membrane properties, changed orientation of malignant cells, destruction of tight
junctions and cell membranes. However the initial results are not promising and this
method cannot in the present form be recommended for use in clinical breast
diagnosing (95, 96, 100, 155).

MAGNETIC RESONANCE IMAGING

History and background

Two scientists in the United States performed the first successful nuclear magnetic
resonance experiment independently in 1946. Edward Purcell and Felix Bloch found
that certain nuclei when placed in a strong magnetic field absorbed energy in the radio
frequency range of the electromagnetic spectrum. This energy was re-emitted when the
nuclei reverted to their original state in the magnetic field. Earlier Sir Joseph Larmor
(Irish physicist, 1857-1942) had demonstrated that the strength of the magnetic field
and the radio frequency matched each other, known as the Larmor relationship. This
means that the angular frequency of precession of the nuclear spins is proportional to
the strength of the magnetic field.

Already in 1937 an American physicist, Dr Isidor Rabi, had come across the NMR-
experiment when inventing the atomic and molecular beam magnetic resonance method
of observing atomic spectra, for which he was awarded the Nobel Prize for Physics in
1944. At the time he disregarded the importance of the NMR experiment, as he thought
it was an artefact.

Bloch and Purcell termed the phenomenon NMR, Nuclear Magnetic Resonance.

Their discovery started the use of NMR in spectroscopy of chemical compounds, which
during the 1950s and 1960s became a widely used non-destructive technique for
analyzing small samples. The Magnets used for these analyses at microscopic level
were small, with a bore diameter of only a few centimetres. For their discovery Bloch
and Purcell were awarded the Nobel Prize for Physics in 1952.

An American MD, Raymond Damadian (22), in 1970-71demonstrated that tissue
parameters (T1 and T2 relaxation times) could be measured in vitro by NMR, differing
between tumours and normal tissues. This variation in relaxation times of neighbouring
tissues in the MR-image is the basis for the exceptional tissue contrast using MRI
compared to X-ray and CT.

In 1973 Paul Lauterbur, Professor of Chemistry, published a new imaging technique,
which he called zeugmatography (from Greek zeugmo meaning yoke or a joining
together). He described the technique basic for spatial localization of objects by joining
together a weak gradient magnetic field with the stronger main magnetic field.

Dr R.R. Ernst (awarded the Nobel Prize in Chemistry in 1991) in 1974 described the
application of Fourier transformation, which is a method of processing that converts



raw data that forms the MR-image into a viewable, understandable and interpretable
image.

Since then the development has been, and still is, continuously moving forward. It
seems that everything previously thought impossible eventually becomes possible by
using MRI, through new methods, new sequences, new contrast agents and new ways
of processing achieved data.

Magnet types

In medical imaging there are three different types of magnets used. All of them are
producing homogenous magnetic fields.

Permanent magnets:

These types of magnets are based on the common bar magnet, requiring no electric
current or cryogen, hence requiring very little maintenance. The magnetic field is
vertically oriented within the bore of the magnet. The strength of these magnets usually
is 0.1-0.4 T. Permanent magnets have a wider bore than superconductive, and hence
can examine persons with claustrophobia or broad shoulders.

Resistive magnets:

The magnetic field is produced of a current sent through coils surrounding the bore.
This requires constant power supply to keep the magnetic field, making these magnets
more expensive to maintain, but no cryogens are required. These are the only type of
MR scanners that can easily be switched on and off.

Superconductive magnets:

These are the most common magnets in medical use. Superconductive magnets have
coils carrying a current in the same way as resistive magnets, but the superconductive
coils are cooled by cryogens, so that the resistance in the coils will be close to zero, to
prevent the current to decay. Thus, in this type of magnets there is a constant need for
cryogens but no need for continuous power supply. The magnetic field is in line with
the long axis of the bore direction, horizontally. Superconductive magnets operate
clinically at the moment up to 3 T, but 7 T are developed for human examinations and
are so far used for research. In research settings magnets with a field strength of more
than 11 T are now used.

Basic principles of MRI

The basis for the NMR phenomenon is the ability of the nucleus of an atom to absorb
energy from radio waves when placed in a magnetic field.

MRI for medical diagnostic purposes is based on the hydrogen nuclei that are the most
abundant element in the body, accounting for about 70% of all the atoms in the body,
including the hydrogen of water molecules. Magnetic resonance is sensitive to the
relative concentration of hydrogen in different tissues and fluids as well as to their
relation to surrounding nuclei and macromolecules.

When placed in a strong magnetic field the hydrogen protons will align parallel or
antiparallel to the main magnetic field vector, in contrast to the normally random
orientation. In the strong magnetic field slightly more than 50% of the protons will
align parallel to the magnetic field and thus create a net magnetization in that direction.
This small net magnetization is making it possible to acquire MR images. The spin of
the nucleus will align along the main magnetic field, called precession, which is
dependent on the field strength and called the Larmor frequency. A radio-frequency



pulse (RF) is used to excite the protons with a frequency matching the protons of
interest, causing a deflection of the net magnetization.

The process when the nuclei return to their equilibrium state is called relaxation. There
are two types of relaxation, longitudinal or transversal, called T1 and T2. Both
parameters, T1 and T2 relaxation, are used to create the desired contrast in the images
by choosing appropriate repetition times (TR) for the RF-pulses and echo times (TE)
for collecting the emitted RF-pulse from the protons. Images can be T1-, T2- or proton
density-weighted. A typical spin echo (SE) T1-image has a short TR and TE, and a
typical SE T2-image has a long TR and TE.

At present there are many different types of sequences used with different combinations
of RF-pulses, TR, TE, flip angle and refocusing pulses to get as good coverage as
possible in as short a time as possible with good T1- or T2-contrast.

The gradients of the magnet are used in three directions to spatially localize each
element of the examined part. One gradient is used for the choice of slice, where the
RF-pulse excites the protons with the suiting frequency. The other two gradients are
used for spatial encoding in the remaining two directions, using phase and frequency
encoding. All these gradients are used in combination so that also oblique images in
any desired direction can be acquired.

Many slices can be acquired during the same TR, making the amount of slices possible
to acquire dependent on the used TR as well as the TE. Instead of collecting data from
single slices a whole volume can be excited by the RF-pulse, 3D-imaging, making it
possible to reconstruct very thin slices and create reconstructions in any chosen plane in
the postprocessing of the images.

To make examination times shorter sampling of the acquired data into the k-space can
be reduced in different ways, for example by using rectangular FOV, half-Fourier and
keyhole. The spatial information is sampled at the periphery of the k-space, and the
contrast of the images is sampled at the centre of k-space. Different sampling methods
therefore can have an impact mainly on spatial resolution or contrast of the image.

Contrast agents

Initially when MR imaging was developed no contrast medium was thought to be
necessary as there were possibilities to create a great variety of sequences with different
native contrast. In the early 1980s the first experiences of using paramagnetic
compounds as contrast agents were made. Paramagnetic compounds have at least one
unpaired electron, which has a magnetic movement much stronger than that of the
proton. Iron particles are used as superparamagnetic substances to get as much T2
shortening as possible, as the interaction between several ferrum ions in the particles
results in a much larger total magnetic moment than the individual atoms, causing a
larger effect on T2" than on T1 compared to individual paramagnetic compounds.
Therefore the relaxation times of the tissues will be shortened due to the effect on the
local magnetic field at the atomic level. As the effects are indirect, the term contrast
agent is used, and not contrast medium as for iodine in X-ray examinations.

Both positive and negative contrast agents have been developed, positive mainly
affecting the T1-value and negative mainly affecting the T2-value. During the 1990s
many different gadolinium based contrast agents were developed, as well as some
ferrum- and manganese-based. The most common used contrast agents are
intravenously administered gadolinium in different complexes having a fast passage



through the vessels to the extracellular space. Gadolinium-based contrast agents are
excreted via the kidneys, but have no deleterious effect on renal function in the
concentrations presently used in routine examinations (10-20 ml of 0,5 mmol
gadolinium/ml). Specific contrast agents are also administered intravenously. For
example for selective uptake in Kupfer cells of the liver and spleen of iron based
contrast agents as well as manganese-based contrast agent with uptake in liver cells and
subsequent excretion into the biliary tracts. Contrast agents are also used for oral
administration with either positive or negative effect, to fill the enteral tracts and
facilitate the differentiation of bowl from surrounding tissues or tumours.

(32, 112, 140).

MAGNETIC RESONANCE IMAGING OF THE BREASTS

During the early 1970s reports by Damadian (22) of tissue characterization using NMR
raised hopes that malignant tissues could be separated from normal tissues, also in the
breast. In 1978 they published studies of breast specimens as well as lung and colon
specimens, including malignancies, to create a normalised NMR malignancy index (41,
78).

Mansfield et al in 1980-81 (6, 98) and Ross et al in 1982 (130) were among the first to
obtain in vivo MR images of human breast. They used the body-coil which resulted in
both poor spatial as well as temporal resolution and signal-to-noise ratio. Therefore it
reached no clinical use until the developed local surface-coils were introduced by for
example Axel (4) in 1984. Already in 1983 El Yousef et al (30) had tried a surface coil
and 3D technique to improve breast MR imaging.

The evaluation of data was focusing on the possibility to use the tissue parameters T1,
T2 and proton density by calculating data or direct measurement of signal intensities in
the images using appropriate chosen pulse sequences.

During the early and mid 1980s the spatial resolution, signal-to-noise ratio and
selection of appropriate sequences improved image quality significantly (52,53, 69).
Although fibrosis and cysts could be diagnosed using these parameters, the inability to
detect and diagnose malignancies at MRI still remained. The improved image quality
during this period made it possible to examine breast implants, and diagnose implant
failure with high accuracy, which still remains an important indication for breast MRI.
The break-through for modern MR-mammography was the introduction of contrast
enhanced imaging of the breasts in 1986 by Heywang et al (54), using the first
paramagnetic contrast agent approved for clinical use, Gd-DTPA (gadopentetate
dimeglumine). With this technique enhancing tissues were visualized as areas with
signal increase at T1-images, due to the paramagnetic effect of Gadolinium. Since then
many studies have been performed evaluating the methods, and currently a group of
specialists in MRI of the breasts are elaborating a lexicon on how to interpret and
perform gadolinium enhanced MR-mammography (62, 74, 114, 133).

Surface coils

Ideally both breasts should be examined at the same time with high spatial and
temporal resolution. The first built coils could only achieve a high resolution covering
one breast at a time. The single breast coil had the advantage of positioning the patient



oblique, getting the examined breast closer to the centre of the magnet, but also
diminishing the motion artefacts from the heart.

The homogeneity inside the coils is essential to improve image quality and diminish
misinterpretations at evaluation that can occur due to varying signal intensities within
the imaged volume. With the most recent phased-array coils the homogeneity is greatly
improved, but interpretation problems still remain at the edges of the coil, i.e. the chest
wall and axillary regions.

There are now commonly used bilateral phased array breast coils, which together with
improved MRI-scanner performance (stronger gradients and shorter rise times), make it
possible to examine both breasts achieving high temporal and spatial resolution.
(Figure 1)

Figure 1.

To the left the position of a patient prone on the breast coil before positioning in the
magnet bore, and a bilateral breast coil (with lateral side plates for compression) is
shown to the right.

It is important that the breasts are correctly placed within the coils, well centred and
cushioned or slightly compressed, to diminish movement during the image acquisition.
Compression should not be too marked, as it will distort the normal breast
configuration, making the correct description of lesion localization and the comparison
to other methods difficult. Of great importance is a comfortable positioning in the coil,
enabling the patient to remain in the exact same position, without any movement during
the whole examination time (15-30 minutes), to reduce motion artefacts. A comparison
of different coil designs was recently made by Konyer et al (76) where different designs
resulted in different capabilities and care must be taken to choose the proper coil for the
desired results.

Artefacts

One of the challenges in MR imaging has always been to avoid different types of
artefacts that can impair the evaluation. As dynamic studies usually use subtraction in
diagnosing, all kinds of motions cause great problems.

First of all cardiac motion, in particular in transversal postcontrast series, could impair
the images in parts of the examined area. This can be diminished by swapping phase-



and frequency directions or by using the coronal or sagittal imaging plane. To decrease
cardiac motion artefacts a saturation pulse positioned to cover the heart can be used.
Breathing causes small movements even when examined in the desired prone position.
Patients therefore should be instructed to take short breaths, in particular during image
acquisition, to decrease the motion artefacts. This is important not only for subtraction
evaluation, but also when imaging breast implants using T2-sequences with high
resolution. These above mentioned two types of motion-artefacts are caused by
movement between every series of images, as well as within every series, and hence
can cause great difficulties in the evaluation, including subtraction. (Figure 2)

It is extremely important to motivate the patient not to move at all during image
acquisition. As the slice thickness preferably is 1-2 mm, every very minor movement or
shifting of the body causes serious problems in postprocessing and evaluation. This can
for example cause changes of slice position between image series making subtraction
impossible. (Figure 2)

Metallic implanted material, for example clips, stainless steel sutures in the sternum or
a filling mechanism for saline breast implants, can cause local and sometimes severe
artefacts that usually cause much larger signal disturbances locally than the size of the
metal itself. This is more obvious in the GRE- than in the SE-sequences. (Figure 3)

Figure 2.

Image to the left: The patient has been breathing heavily during the acquisition of
images causing accentuated motion artefacts by the implant in the breast to the lefi.
Images to the right: Another patient has been moving between the sequences.

The breast to the left is in the same position but the breast to the right has changed
position in the slices from different series, being in the same slice position.
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Figure 3.

Metallic artefact due to stainless steel suture in the sternum (transversal image to the
left). A metallic artefact caused by the filling mechanism of an implant, placed laterally
near the axilla (sagittal image to the right).

Spatial resolution

The spatial resolution is critical for detecting small malignant lesions. A thin slice
thickness is desired to get as accurate information as possible, but this will lead to a loss
of signal, as the imaged voxel is smaller, thus giving away less signal. However,
because of the different sizes, forms and extent of lesions it can be difficult to detect
certain lesions due to the partial volume effect. For example in small lesions that are
not completely covered by one separate slice (especially for malignancies growing in a
duct-like pattern), or in a wide but thin invasive cancer in the plane of the slice.

(Figure 4)

In these cases the enhancement only contributes partially to the signal in the slice (and
voxel), making it more difficult to discern a strongly enhancing lesion occupying only a
part of the slice thickness. For example Furman-Haran et al (38) found that a reduction
in spatial resolution causes an increase of false negatives and a decreased sensitivity.
Therefore a compromise has to be made regarding slice thickness, choice of sequence
and acceptable signal to noise ratio. A slice thickness of 2 mm is desired, and should
not exceed 4 mm, to make it possible to detect malignant lesions of 4-5 mm sizes.

_. '.‘.\
/ /-
Figure 4.

Partial volume effect: a small lesion occupying only a minor part of the total slice
thickness, or ductal distribution of the lesion, occupying parts of the slice thickness
(in some areas passing within the slice and sometimes crossing the slice).
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The in plane resolution (the matrix) also decides the voxel size and is of great
importance for the signal achieved per voxel. A matrix of 512 X 512 would be desired,
but due to the longer acquisition times for higher matrixes and loss of signal in smaller
voxels, 256 X 256 is often the clinically matrix used.

When using a coronal or sagittal imaging plane a rectangular FOV (field of view) can
be used, keeping the voxel size constant while decreasing the number of phase
encodings, resulting in a decreased scan time. Using these imaging planes, not only can
a higher matrix be used within the same aquisitiontime (TA), but also a decrease of
cardiac artefacts is achieved. Ideally the in plane resolution should be 0,5-1 mm for the
best evaluation possibilities, including not only enhancement characteristics but also the
internal structure of lesions and evaluation of implant integrity. Recently Obenauer et al
(116) reported a study of high in-plane resolution (matrix 420 x 512) compared to
standard dynamic CE-MRI (matrix 210 x 256). In 51 hypervascularized lesions they
found high in-plane resolution provided better visualization of morphologic patterns,
but a diagnostic advantage compared to standard MRI was rare.

Holland et al (57) reported the use of a very high resolution. For example an in-plane
resolution of 117 um has been used to identify both normal structures of the breast
parenchyma and structures typical for pathologic changes in breast specimens. This
high resolution provides images that correlate well to low- and high-magnification
histological evaluation of the breast tissue. The visualization of malignancies will
probably be even more pronounced by the use of contrast-enhancement (gadolinium-
compounds) in vivo, but has not yet been proven. Very powerful gradients have to be
used to achieve such high in-plane resolution. The at present modern magnets have
possibilities to use gradients with strengths in each direction of 25mT/m and rise times
of 300 psec, which could enable pixel sizes on the order of 100 pm and 1 mm slice
thickness.

Temporal resolution

The temporal resolution is very important in the evaluation of enhancement kinetics.
Typically a malignant lesion enhances strongly and early, combined with washout in
the later phase. Using long imaging times per acquisition the possibility to discern a
malignant from a benign lesion using dynamic parameters diminishes. The rim-
enhancement and inhomogeneities in malignant lesions can also be overlooked, as they
often are discernible in early post contrast images, but for this evaluation spatial
resolution is the most crucial part (111).

It is possible to use fast dynamic (1-30 seconds), dynamic (30 seconds — 3 minutes) and
semidynamic (3-6 minutes) examinations, as well as using only one pre- and one post-
contrast series of images.

When deciding which temporal resolution is desired there always has to be made
compromises concerning the imaging volume to be covered (i.e. one or two breasts or a
part of one breast), which spatial resolution, which slice orientation and what type of
sequence should be used.

Using fast dynamic examinations result in a decreased coverage of the breasts and
lower spatial resolution, in some cases only one slice with slice thickness more than 5
mm is possible if very high temporal resolution (a few seconds) is gained (12).
Experiences at both our site (14, 79) and others (59) have shown that the sensitivity and
specificity is not necessarily improved by using very fast dynamic sequences. The best

12



temporal resolution for clinical evaluations is at present a dynamic examination with 1-
3 minutes acquisition time per sequence, but Buckley (18) showed that the temporal
resolution did not seem to be as important as the spatial resolution.

For a good evaluation of enhancement kinetics (using a dynamic examination) at least
four, up to eight, sequences post contrast should be performed, allowing evaluation of
the initial early contrast enhancement as well as the later phases often showing wash-
out phenomenon in malignant lesions.

Combinations of fast dynamic and dynamic/semidynamic examinations have been used
to achieve high temporal resolution during the first minute(s) and high spatial
resolution in the pre- and the late post-contrast series. (12, 131)

The development of sequences

In the beginning of MRI in breast imaging the use of spin-echo sequences were the
only choice. They revealed good tissue contrast enabling good measurements of T'1-,
T2- and proton density values, but the low spatial and temporal resolution was a
drawback. In combination with the experience that tissue parameters alone did not
allow differentiation of malignant from benign tissues many sites developed new
sequences and methods for examination.

El Yousef et al (29) in the early 1980s, using a 0,3 T superconductive magnet, tried to
localize breast lesions by using a 3 D T1 spin echo (SE) sequence (TR(repetition
time)/TE (echo time) 250/30 msec) with 4 mm slices covering one breast. At the site of
the suspected lesion they positioned 8 mm slices using a spin echo sequence with
TR/TE 1000/30 msec and 1000/120 msec, followed by an IR (inversion recovery)
sequence with TR/TE/TT 1000/30/300 msec. The collected data were used to classify
benign and malignant lesions using the morphological appearance, the T1- and T2-
values and the signal intensity changes with respect to different sequences.

Dash et al (24) used a spin echo sequence varying the TE and TR, so that four different
sets of images were acquired (TR/TE 700/35, 700/70, 1600/35 and 1600/120). They
found the best clinical use of images closest to T1- respective T2-weighting, and that
the breast parenchymal pattern was easily recognised, as in mammography. The
disadvantages were long scanning times, high costs, inability to identify
microcalcifications and the smallest lesion size possible to evaluate was 5-8 mm.
Martin and El Yousef (99) also studied the effect of hormonal changes during
menstrual cycle and exogenous oestrogen-progesterone effects on T2-weighted
imaging. Transverse relaxation was thought to be important in diagnosing breast
malignancies by changes in the water exchange of malignancies. The hormonal effects
leading to water retention in breast parenchyma did not prove to cause any significant
changes in calculated T2-values, and hence not posing a problem for differentiation of
carcinomas.

Merchant et al in 1992 (103) reported the use of a mixed imaging sequence applied
after lesion localisation by T1- and T2-weighted images. The mixed sequence used was
a SE with TR of 680, an IR with TR of 2160 and TE:s 30,60,90 and 120 msec. The
evaluation included calculation of pure proton-density, T1 and T2 images and
reconstruction of multiecho SE, IR-modulus and IR-real images. They could not verify
differentiation between malignant tumours and normal breast parenchyma by solely
measuring T1 and T2 values, but elevated T1 and T2 values in benign tumours
distinguishing them from normal parenchyma.
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The difficulties to find a sequence with high sensitivity and specificity to detect
malignancies of the breast still remained until the development of contrast enhanced
MR imaging. Today the only remaining indication for non-enhanced MRI is the
evaluation of implants.

Non contrast enhanced breast MR imaging

At mammography implants are of high density and can obscure the surrounding tissues
and breast parenchyma, even when using special techniques, making both diagnosis of
implant rupture and exclusion of malignancy difficult. Ultrasound can detect lesions
and implant ruptures, to some extent, but cannot reveal the dorsal areas behind the
implant.

MRI has many advantages in evaluation of breast implants, and has become even more
important due to the increased use of cosmetic breast surgery using different kinds of
implants, but also due to the increased use of reconstructive surgery with implants after
mastectomy or breast conserving surgery.

Different materials are used to fill the lumen of breast implants. Saline and silicone gel
are more common in Sweden, but also oils and colloids have been used. The shell of a
breast implant is made of polyurethane, and the surface can be smooth or textured. The
implant is positioned subglandular or subpectoral/submuscular, and can contain a single
or double lumen. The body forms a fibrous capsule surrounding the implant, and this
capsule can in some women cause contractures. The latter can sometimes be caused by
silicone bleeding into the surrounding tissues, causing granulomas. Ruptures of
implants are mainly divided into intracapsular and extracapsular. The intracapsular
implant rupture is the most common, and is characterized by a rupture of the implant
shell but an intact fibrous capsule. An intracapsular rupture is not of clinical importance
as long as the fibrous capsule is intact. A rupture of both the implant shell and the
fibrous capsule characterize the extracapsular implant rupture, with silicone extruding
into the surrounding tissues and sometimes migrating in the body, while extruded saline
gets absorbed by the body. (Figure 5)
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Figure 5.

Two intracapsular ruptures at the top showing the collapsed implant shell within the
intact fibrous capsule, forming so called linguini lines.

Extracapsular implant rupture to the left of the bottom line, revealing extruded silicone
and parts of the collapsed shell through the ruptured fibrous capsule.

To the right in the bottom line is a completely collapsed implant with very little fluid
remaining surrounding the collapsed shell, with almost total volume loss of the implant.

With modern 3D-techniques it is possible to use high spatial resolution (1mm) to
enable a very good description of both intra- and extracapsular ruptures, and the
location of extruded silicone. Preferably T2 sequences or sequences with mixed T1 and
T2 contrast, as the FISP (fast imaging with steady-state precession) sequence. There
has also been developed special sequences using silicone suppression or silicone
selection, as well as water selection and fat suppression. Using a combination of these
sequences and knowing the type of implant examined facilitates the evaluation (1, 5, 8,
42).

The above mentioned examination methods for implants include only the evaluation of
implant ruptures and cannot be used for detection of a malignancy. Dynamic CE-MRI
with evaluation of contrast agent enhancement is the most important method to exclude
malignancy, including recurrences, covering the tissue surrounding the whole implant,
also behind the implant (13, 49).

Contrast enhanced breast MR imaging

During the 1980s many different methods were tried, and successively more sites
turned to use the newly developed contrast agent, gadolinium. The initial experiences
were made in animal models by for example Brasch in 1983 (15).
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In breast MRI Heywang Kobrunner (54) made the initial experiences using gadolinium
intravenously in 1986, and continued to develop the method during the coming years
(55, 49, 48). Many sites soon used gadolinium as a contrast agent as this method was
found to be superior to non-enhanced breast MRI in detecting malignancies. During the
1990s the examinations also developed from semidynamic to dynamic and/or fast
dynamic.

As the use of a contrast agent proved to more readily discern malignant from benign
lesions the choice of sequence became important in another sense. A T1-weighted
sequence with optimal sensitivity for gadolinium and ideally not as strong a signal for
fat tissue was desired. The use of fat suppression or subtraction in the post processing
was found necessary, as the fat signal is strong in T1-weighted sequences and might
conceal a small contrast-enhancing lesion.

Why are contrast enhancement techniques preferred?

At the initial use of gadolinium as an intravenous contrast agent any pronounced
contrast enhancement was considered indicative of a pathologic finding. As experience
grew, several factors were found important in the evaluation to differ benign and
malignant lesions from the normally enhancing breast parenchyma, which often tended
to have overlapping contrast enhancement patterns. First of all the dynamic sequence of
enhancement was determined important, and recently the time-signal intensity curves
have been found more specific than the enhancement rate in the early/first postcontrast
measurement. The evaluations include peak time, presence of washout and the
appearance of the curve. In relation to the increased spatial resolution and development
of new sequences evaluation of the morphology of the lesions became possible. The
internal architecture as well as the border delineation in the enhanced images has
proved to be important in diagnosing malignancies, using the same principles as in
mammographic evaluation of lesions (61).

Which methods should be used?

Techniques facilitating detection of contrast enhancement

During the years many different techniques have been tried, often using fat suppression.
One example is RODEO (rotating delivery of excitation off resonance), which used by
Harms et al (45) has shown good accuracy, but has not reached widespread clinical use
due to special technical requirements to construct the sequence. Pierce et al (125) tried
a 3D-sequence with fat suppression and magnetization transfer contrast to improve
lesion conspicuity for gadolinium-enhancing lesions, which only could be used as a
complement because of long acquisition-times and only one pre- and post-contrast
series was performed.

Gilles et al (40) proved the use of subtraction, using an ordinary SE sequence for
dynamic examination as well as for pre- and post-contrast series. The use of a SE
sequence with 3 mm spatial resolution limited the examination to 10 slices to get a
temporal resolution of 47 seconds, hence covering only a part of the breast. Therefore
this has not been an alternative for routine examinations.

The sensitivity for gadolinium as a contrast agent in different types of sequences has
been studied. This was described by M. Deimling, Siemens, Erlangen, Germany
showing curves at 1 T for 2D and 3D FLASH using different FA, and at 1,5 T for SE,
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turboFLASH, MPRAGE and 3D FLASH at increasing tissue concentration of
gadolinium contrast agent. Ideally the signal intensities of the tissue should increase
linearly with tissue concentration of gadolinium contrast agent, otherwise there will be
an increased risk of both false positive and false negative diagnoses. In both
comparisons the 3D FLASH had the most linear curve with increasing concentration of
Gd-DTPA.

Usually the GRE sequences create intermediate signal intensity from fat, facilitating
detection of enhancing lesions in the breast, making evaluation possible even without
subtraction. Even though many sequence-types are used to facilitate delineation of
enhancing lesions, there always must be a comparison between pre- and post-contrast
series. Because of persisting problems of intermediate to high signal intensities from
surrounding fat, the subtraction technique is frequently used in up to date evaluations.
When using a subtraction technique the possible impairment of evaluation by motion
artefacts must be considered, and when motion artefacts are present subtraction cannot
be used in the evaluation.

Techniques for improving temporal and spatial resolution

Initially the contrast enhancement was evaluated only in one pre- and one post-contrast
series, which was possible with ordinary SE T1 sequences with long acquisition times.
The findings stressing the dynamics of contrast enhancement, with varying wash-in and
wash-out rates in malignant and benign lesions, demanded several post contrast series
within the same period of time for improved evaluation. Hence the need for shorter
acquisition times urged faster sequences, often gradient echo sequences, and the
development and evaluation of dynamic examinations evolved.

So-called keyhole techniques for two-dimensional sequences to achieve better temporal
resolution have been tried, but at the cost of spatial resolution as well as an increased
risk for mixing of signals from the previous slice. (21)

The three-dimensional gradient echo sequences have so far proven to be the most
useful in breast MRI, with possibilities to get both high spatial and temporal resolution.
The sensitivity to gadolinium contrast agents is also very good, enabling the use of
lower doses of contrast agent. This was studied by Kaiser et al (70) who showed that
0,1 mmol/kg was sufficient for diagnostic purposes in a 3D gradient echo sequence,
instead of 0,2 mmol/kg that often was applied when using T1-weighted SE sequences.
They stated that the higher dose resulted in “overinjection”, as they found a greater
increase in signal intensity in enhancing areas in gradient echo images when using a
50% reduced contrast dose. This was confirmed by Oellinger et al (117), when they
found MR (using a 3D sequence and the recommended standard dose of gadolinium
intravenously) to be superior in detecting multicentricity in patients scheduled for
surgery of a single diagnosed lesion in the breast. We found the same effect of different
contrast doses when comparing our semidynamic and dynamic studies, see discussion
study I1I. (79)

An echo-planar sequence was used by Hulka et al (60) to achieve a temporal resolution
of 6 seconds, but the slice thickness had to be 7 mm. This enabled good differentiation
between benign and malignant lesions.

The use of dynamic imaging has made evaluation of time-intensity curves possible. The
importance of time-intensity curves profiles in the differentiation between malignant
and benign lesions has been proven to be more specific than the use of fixed threshold
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values in the first postcontrast series (80, 119). However the evaluation of morphology
and internal architecture of the lesions still is important in the primary evaluation
(7,61, 114, 121)

Combined techniques

Several sites have tried to use pre- and postcontrast images covering the whole breast
combined with dynamic images covering the chosen lesion. For example Boetes et al
(12) using a 3D MPRAGE (magnetization-prepared rapid gradient-echo) sequence in
combination to turbo-FLASH (fast low angle shot), Mussurakis et al (111) using T1-
series pre- and postcontrast combined with dynamic series, in difference to Stomper et
al (143) and Stack et al (139) using spoiled gradient-recalled echo (SPGR or GRASS)
for their dynamic evaluation combined with T1- and T2- series to localize the lesion
centre. Recently Sardanelli et al (131) used 2D T1-weighted FLASH as pre- and post-
contrast series, but also for a lesion-targeted dynamic sequence with 13-sec acquisition.
Using these combined methods stresses the difficulties to find the exact location for
placing the few and often thicker slices through the suspected lesion, to gain the
possibility for high temporal resolution during the dynamic series. Boetes et al (12) also
used the correlation to the contrast agent’s first pass through the aorta, for exact
measuring of the time for contrast to pass to the lesion in the breast. The criterion for a
lesion to be malignant when they used this technique was set to < 11,5 seconds after
aortic enhancement.

Kvistad et al (84) used a combination of a dynamic examination followed by a T2*
weighted gradient echo sequence through the most enhancing area in the dynamic
series. This T2* sequence made evaluation possible of the perfusion during 30 seconds
in conjunction to a second contrast agent injection. They found a higher specificity
using the T2* sequence and found the combination to have a potential to improve
clinical utility of MRI of the breasts.

Contrast agent injection

The intravenous injection should be performed as quickly as possible and as
consistently as possible, ideally using a contrast injector, immediately followed by a
saline injection (preferably 20 ml) to ensure the contrast bolus will be as tight as
possible. The intravenous access needs to be in a vein large enough not to rupture at the
injection. As the injection should be performed with the patient in position at the centre
of the magnet a long line is needed to connect to the injector outside the magnet bore. A
tight bolus of contrast agent is desired to get as good an evaluation of the initial contrast
enhancement as possible, which is very important in the differentiation between benign
and malignant lesions. This performance facilitates reproduction of imaging conditions
between examinations, although the effect of varying heart rate, heart contractions as
well as vessel resistance can make a difference in the contrast passage through the
vessels.

Image evaluation

All information acquired should be used and evaluated. For accurate evaluation of the
MR-examination all previous investigations and results, including patient history and
mammography, should be at hand.
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When using dynamic examinations, subtraction should be performed of each
postcontrast series from the precontrast series. In the evaluation at least the immediate
postcontrast series, the second or third and one late postcontrast series should be
presented in the final evaluation.

In cases with enhancing findings in the subtracted dynamic images multiplanar
reconstruction (MPR) can be used to create images in any desired plane, provided the
slice thickness is small enough to give a resolution possible for adequate resolution of
the reconstruction. (Figure 6)

Maximum intensity projection (MIP) is another postprocessing possibility to present
lesions in relation to other enhancing lesions or vessels. (Figure 7)

MPR and MIP are both of value when localizing a lesion and for a description of the
relation to other structures as well as the position in the breast.

Figure 6.

Multiplanar reconstructions:

Top line: An early enhancing large IDC (breast to the left) and a cyst with a mucinous
carcinoma at the thickened upper wall (breast to the right, sagittal image through the
cyst to the right) in the same patient.

Bottom line: Two IDC:s in the left breast of another patient.

Transversal (to the left) and sagittal (to the right) reconstructions created from the first
post contrast coronal series.
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Figure 7.

Maximum intensity projections.

Views from two different angles and planes, clearly demonstrating the contrast filled
vessels and the 3 malignant enhancing lesions in the first post contrast series.

Morphology

To improve differentiation between benign and malignant lesions the use of
morphological criteria have been developed and reported from several sites. The
analysis of margin and shape of a lesion and the internal structures can be of value in
the differentiation, as for example fibrous strands occurring in fibroadenomas. Benign
characteristics are well-defined margins and homogenous enhancement. On the
contrary rim-enhancement, inhomogeneous internal pattern and irregular borders are
considered typical malignant features. The use of a scoring system for classifying
benign and malignant lesions has been advocated by Baum et al (7), and recently also
by Siegmann et al (138). The use of morphological evaluation according to the well-
known BI-RADS categorization has been advocated in the ongoing work to present a
MRI lexicon (107, 114).

Dynamics of contrast enhancement

The enhancement kinetics is also important to classify. A strong, early enhancement
combined with washout is considered typical for malignancy, while a slowly increasing
or poor enhancement is considered a typical benign pattern. Many ways of evaluating
the enhancement curves have been proposed. The most important factors are the peak
time and washout configuration. Sherif et al (136) studied enhancement dynamics in
breast lesions during 60 minutes. They found the peripheral washout to be most specific
for invasive malignancies. The enhancement at the centre of malignancies decreased at
a faster rate than in benign lesions, but not as marked as in the periphery of the invasive
malignancies. The rate of initial enhancement seems to be less important. Three
characteristic types of enhancement curves are frequently used: 1/ the continuous
slowly increasing enhancement more common in benign lesions, 2/ the fast initial
increase followed by a plateau phase and 3/ the fast, strong initial increase followed by
washout indicating malignant lesion. (Figure 8)

To assess the contrast enhancement kinetics of a lesion properly the choice of an
appropriate region of interest (ROI) is important. To include only the area of the highest
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amount and speed of enhancement, the size and position of the ROI must be carefully
selected. The ROI must not be too small or too large, and must not include vessels or
tissues surrounding the lesion. The correct positioning of the ROI is therefore of
importance in all three planes. The positioning at the periphery or at the centre of a
lesion can also be of importance in the evaluation.
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Figure 8.

The three types of contrast enhancement curves:

Continuously increasing (A), plateau (B) and washout (C) curve types.

The different curve types can have a different initial phase: weak (D), medium (E) and
strong (F) enhancement in the initial post contrast phase.

Benign structures:

The normal contrast agent enhancement in breast parenchyma is slow and continuously
increasing, which also is the pattern for most benign changes. The enhancement rate of
normal breast parenchyma varies during the menstrual cycle, showing stronger
enhancement during the first and last week, and least enhancement during the second
(and third) menstrual week (81, 129). (Figure 9)

In the same way there is an increased enhancement in parenchyma during hormone
replacement therapy (HRT). Therefore it is difficult to distinguish strongly enhancing
benign changes from moderately enhancing malignancies during HRT and during the
first or last weeks of the menstrual cycle, why examinations should ideally be
scheduled during the second menstrual week. HRT should be ceased for at least three
months before a new examination is scheduled.

Even when using optimal examination conditions some benign lesions show a pattern
of enhancement similar to malignancies, for example tissues with high proliferative
activity or inflammation. This often causes proliferative fibroadenomas, hyperplasia
and granulomatous changes to present as false positive findings (61, 79). (Figure 10)
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Malignancies:
A strong and early enhancement within the first minutes followed by washout (decrease

of signal) in the late phase, 5-10 minutes post contrast, is the typical malignant pattern
(50, 80, 136). (Figure 11)

There are many different patterns in between obvious benign and malignant lesions.
The typical washout combined with the early and strong enhancement is not present in
all malignancies. Therefore false negative findings also pose a problem in tumours with
no typical malignant enhancement pattern, for example lobular and tubular carcinomas
as well as some cancer in situ lesions.
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Figure 9.

Typical appearance of a benign lesion, a fibroadenoma, with slowly increasing little to
moderate enhancement. The enhancement is more marked than the surrounding normal
breast parenchyma, and revealing internal septations.

(Examination to the left, subtraction- images at the same slice position. The image at
the top is from the first postcontrast series. The image at the bottom is from the fifth
postcontrast series. Curve of enhancement to the right.)
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Figure 10.

Two lesions in the same breast of the same patient (the breast to the left in the images),
both having similar enhancement curves. To the left a true positive finding,

a small IDC, and to the right a false positive finding, a small fibroadenoma.
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Figure 11.

Typical appearance of a malignant lesion, showing initial strong enhancement and
washout in the late phase.

(Examination to the left, subtraction- images at the same slice position. The image at
the top is from the first postcontrast series. The image at the bottom is from the fifth
postcontrast series. Curve of enhancement to the right.)

Sensitivity and specificity

As there has not been one generally accepted, standardized technique for using MRI in
breast investigations many different techniques have been developed. Therefore the
results from different sites have not been directly comparable and the accuracy of MRI
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has been difficult to evaluate. The sensitivities and specificities vary a lot in different
studies depending on the selection of patients and the technique used both for data
acquisition and for the evaluation (59). In general the sensitivities in many studies have
been high (85-100 %) but the specificities have been low (30-95%).

Many factors influence the accuracy of breast MRI as mentioned before and
summarized below. Different types of sequences with different temporal and spatial
resolution as well as timing of the contrast agent injection relative to the data
acquisition strongly influence the relative difference in enhancement between benign
and malignant tissues.

Different types of sequences with different temporal and spatial resolution have been
tried. Different sequences have different inherent contrast and different abilities to
reveal contrast enhancement. For example the enhancement of a malignant lesion can
appear more pronounced in a 3D-sequence than in a 2D-sequence, or when using fat
suppression sequences. The use of a contrast agent varies regarding the dose, but also
the timing of the contrast agent injection relative to the data acquisition. These factors
strongly influence the appreciation of a contrast agent enhancement and the relative
difference in enhancement between benign and malignant tissues.

The difference in magnet capability is also of importance, the magnet strength as well
as the gradients and the type of surface-coil used. Heywang-Kd&brunner et al (50)
evaluated these differences in a multicenter study, discussing the effects of different
magnet strengths in calculating sensitivity and specificity.

To standardize mammographic evaluation and classification of lesions, the American
College of Radiology (ACR) Breast imaging reporting and data system, BI-RADS, has
been used for several years (3). Kim et al (73) used the descriptive terminology and
final assessment categories of BI-RADS for mammography in their evaluation of breast
cancers detected at MR examinations. They concluded that the lexicon might be
applied also at MRI with some modifications.

The use of a common evaluation standard for MRI of the breast, similar to BI-RADS,
would greatly improve the possibilities to compare studies from different sites, as
discussed in a review article by Kinkel and Hylton last year (74). In the same journal a
group of radiologists with extensive breast MRI experience (62) presented their work to
establish a lexicon for reporting breast MRI findings. They had found moderate
interobserver agreement, where breast density and lesion type appeared to be
reproducible. Other terms were found to need further refinement and testing. There is a
need for development of a new terminology for assessing enhancement kinetics,
multifocality and disease extent. Schnall and Tkeda (133) have presented the first
recommendations from the Lesion Diagnosis Working Group, coming to a consensus
that a report should include both an impression and a management recommendation.
They suggested a division of the MR examination report in eight different groups with
separate subgroup descriptions: patient history, comparison with previous studies, MRI
technique and technical factors, findings, descriptors of focal enhancement, kinetic
description, impression/summary of findings and finally recommendations.

To facilitate the characterization and evaluation of breast MRI to achieve better
specificity while keeping the high sensitivity Nunes et al (114) have developed an
architectural interpretation model studying 454 patients. They found high negative
predictive values for malignancy where there was absence of enhancing lesion, smooth
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masses, lobulated masses with non-enhancing internal septations, lobulated masses
with minimal or no enhancement and non-septated enhancing lobulated masses with
low T2 signal intensity. Several other studies have established which morphologic
factors that were of value in differentiation of benign and malignant lesions at MRI, for
example by Baum et al, Liberman et al and Wedegértner et al (7, 90, 154) during the
last years, where Baum et al used a scoring system grading the degree of malignancy
consisting of 5 different parameters, each graded 0-1 or 0-2, resulting in a maximum of
8 for a highly malignancy suspected lesion and 0-1 for a benign appearing lesion.

The impact of staging of malignant breast lesions at MRI on the choice of treatment
was discussed by Davis et al (26) in 1998. Fischer et al (33) in 1999 found MRI-
findings to change the choice of therapy in almost 18% of 548 lesions (correctly
changed in 14,3 %) due to unsuspected multifocality/multicentricity or contralateral
malignancy. Recently Tillman et al (149) determined the impact of breast MRI on the
clinical management of patients with early stage breast cancer, and in 20% of their 212
diagnosed breast cancers clinical management was changed based on the MRI findings.
There was a strongly favourable effect on management in 8%, a somewhat favourable
effect in 3 %, a somewhat unfavourable effect in 5 % and a strongly unfavourable
effect in 1 %. They concluded that breast MRI appears to offer clinically useful
information for determining optimal local treatment. In a recent review article Morris
(106) discusses the importance of standardized and cautious evaluations, avoiding
pitfalls, and a careful selection of patients that can benefit from MR examinations.

Current developments

Among the more recent developments is the assessment of the diagnostic potential of
ultrasmall superparamagnetic iron oxide particles (USPIO) in animal breast tumour
models. The results indicate a possibility to estimate microvessel characteristics in
tumours, which could be of diagnostic value as transendothelial permeability correlates
with histologic tumour grade shown in a study by Turetschek et al (150). USPIO can
cause artefacts at higher doses. Therefore a careful choice of sequence, related to the
contrast dose, must be performed.

Spectroscopy using the hydrogen proton, 'H MRS, can be applied for detection of
choline-containing compounds in vivo, which increases with cellular proliferation and
cause elevated composite choline levels in cancerous lesions. MRS-studies by Kvistad
et al (85) found choline-containing compounds not to be specific for breast malignancy.
Cecil et al (20) showed that MRS in combination with MRI could improve the
specificity. Katz-Brull et al (71) recently published a review where they performed a
pooled analysis of five published 'H MRS-studies from four different centers. They
found both a high sensitivity and specificity, approaching 100% in a subgroup of
women 40 years of age and younger. The factors limiting sensitivity were mainly
technical which could be overcome. They concluded breast 'H MRS to be a robust
method which is easy to interpret and will perform even better with the development of
high-field MRS technologies for detection of the composite choline signal.

Magnetic resonance elastography (MRE) is a phase-contrast-based MR imaging
technique using mechanical waves transmitted into the tissue by means of an oscillator,
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initially tried in tissue-simulating prototypes, for example by Manduca et al (97). This
method is developed to evaluate the mechanical properties of tissues. Theoretically this
could be of value in breast tissue, as palpation (being a physical examination assessing
the stiffness of a tissue) for a long time has been well recognized in the detection of
breast cancer. The elastic properties of the tissue will determine the local characteristics
of the waves and could be displayed by using a motion-sensitive spin-echo MR
sequence within the phase of the MR image. Recently Lorenzen et al and McKnight et
al (92, 101) have described preliminary results of examining healthy volunteers and
patients with malignant lesions, and in one of the studies also benign lesions. They both
found MRE to be a new promising technique with high elasticity values in malignant
lesions and lowest elasticity values in normal breast parenchyma and fatty tissue.
Lorenzen et al (92) in a small number of patients noted an overlap in elasticity ranges
of soft malignant lesions and stiff benign lesions, which might impair the evaluations.
Further research in a larger number of patients is needed to evaluate the potential
applications in breast diagnosis.

MRI guided biopsies

Biopsies are an important part of the workup of breast lesions, commonly used as part
of the so-called triple diagnosis mentioned earlier (47). When MRI became a diagnostic
tool and some lesions were detected only at MRI the need for MRI-guided biopsies
emerged (120). This posed technical problems, how to perform biopsies within the
magnet bore and the necessity to use MR-compatible needles and biopsy-equipment.
After initial use of “free-hand” techniques different methods and aids were developed
at several sites. For example an add-on device for surface coils by Fisher et al (35) with
the patient supine, which also was compared to a developed dedicated single breast
biopsy coil (36) with the patient in prone position, where both systems were found
suitable for biopsy and preoperative localization of lesions. These methods had some
disadvantages; the thicker slice thicknesses used making it difficult to localize small
lesions (less than 10 mm) and the risk of complications when performing biopsies close
to the chest wall. Kuhl et al (82) evaluated another prototype using a patient support, a
perforated breast compression device and an add-on stereotactic system with the patient
in a semiprone position. This type of biopsy-aid also proved to be of great value in the
MRI workup of breast lesions. Heywang-Kdbrunner et al (51) developed a different
prototype allowing both lateral and medial approach of the breast with the patient in
prone position, using mediolateral compression by two independently movable plates,
and having the possibility to use different needle angulations through flexible ribs of
the plates. They also discussed the importance of non-magnetic needles as the metallic
artefact can cause signal loss in an area larger than the lesion, making it difficult to
establish correct needle position in the lesion.

Warren and Kessar (152) presented a procedure of localization of breast lesions seen
only at MRI. They placed a MR compatible cerebral embolisation device (an
embolisation coil) at the site of the suspected lesion, in the same way as when placing a
hook-wire at mammography in non-palpable lesions. They used the possibility of
reconstructions in all planes using a 3D sequence to subsequently localize the suspected
area in craniocaudal and lateral mammographies to insert the embolisation device,
which position then could be verified at mammography. A second MR examination
was performed to verify the position of the embolisation device before surgery. The
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same method could also be performed using US instead of mammography. They found
the only disadvantage of the procedure was that the patient then was scheduled for open
surgical biopsy, rather than percutaneous biopsy of the lesion.

Many different methods to perform MRI-guided biopsies of breast lesions have been
developed and can be used, pointing out the importance of performing biopsies of
lesions exclusively diagnosed at MRI as well as the need of MR-compatible equipment
and preoperative marking material, combined with a careful choice of sequence.
Helbich (46) recently discussed these issues, concluding that needle biopsy of lesions
smaller than 10 mm cannot be recommended at present due to needle artefacts and
tissue shift during the intervention.

These localization techniques and devices can also be used for adequate guidance in
monitoring the delivery of various thermal ablation techniques using temperature-
sensitive sequences, for example if using interstitial laser therapy, focused ultrasound,
radiofrequency-induced coagulation and cryotherapy (44). However, these methods are
still developing and further clinical studies are needed to assess efficacy as well as
safety.

WHEN TO PERFORM MRI OF THE BREASTS

Experiences at different sites using different methods have so far come to these
conclusions on when to use MRI of the breast in the clinical setting.

MRI should only be used in selected cases with proper indications and as a
complementary method to routine investigations with clinical evaluation,
mammography, cytology and ultrasound. The evaluations should always comprise the
findings from all methods used, including patient history and a discussion with the
surgeon and/or oncologist planning the treatment of the patient.

Indications for MRI of the breast:

e Diagnosis of implant failure in patients with symptoms (palpable finding or
pain) or in differential diagnostic problem cases when there is a need to
distinguish inflammatory from malignant tissue. (1, 8)

e In women with known genetic risk for breast cancer. (144, 151)

e In patients with axillary lymph node metastases of unknown primary
malignancy. (118, 134)

e Preoperative evaluation in order to exclude multifocality / multicentricity.
(33, 110)

e Postoperative follow up for detecting recurrence in scars and fibrotic tissue,
with or without implants, when mammography and US are inconclusive.
(13, 49)

e Monitoring the effect of chemotherapeutic treatment on the kinetics and size of
contrast enhancing areas. (39)

NO indication for MRI of the breasts:

e Evaluation of inflammatory changes should be performed only in selected
problem cases, and should not be used in general. For example it is impossible
to distinguish mastitis from an inflammatory cancer.

e In patients with microcalcifications at mammography.

e MRI cannot replace cytology / FNAB.
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Future aspects of MRI of the breast:

The evaluations and development of diagnostic criteria resulting in new
recommendations and lexicons will continue, hopefully to increase the specificity of the
evaluations even more.

The implementation of new contrast agents is also hoped to increase specificity, as well
as the addition of MRS, which might become more available in clinical diagnosis of
breast lesions.

Further research of contrast enhanced MRI of the breast is hoped to reveal prognostic
information, which would then become another indication for breast MRI.
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AIMS
GENERAL AIM

The general aim of this thesis was to study and establish the role of MRI in the clinical
diagnosis of breast lesions. How and when to use MRI in a clinical setting, including
which kind of lesions and which kind of patients could benefit the most from MRI as
an adjunct to other breast imaging modalities.

SPECIFIC AIMS

The specific aims of the different papers were:

L.

II.

III.

IV.

To compare the appearance of the same lesion in two different T1-weighted 3D
sequences with regard to the contrast inherent in the sequences and following
contrast injection. Furthermore, we wanted to evaluate whether a difference in
the appearance of the lesions could influence the observer’s ability to make a
correct diagnosis.

To evaluate whether any potential histological changes caused by fine needle
aspiration biopsy (haematoma or oedema) would affect the contrast
enhancement, thus influencing the evaluation of breast lesions at semidynamic
MR imaging.

To determine the clinical value of dynamic MR imaging used as an adjunct to
triple diagnosis (TD).

To compare lesion-size at dynamic MR imaging and mammography with
histopathology as “gold standard”, using a dynamic 3D-sequence.

To compare the diagnostic accuracy of dynamic MR imaging of the breasts to
scintimammography on the basis of histopathologic findings, and to determine
the clinical value of these methods as an adjunct to mammography.
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MATERIAL AND METHODS

The local ethical committee approved all the included studies, and all patients that took
part in the studies gave their informed consent.

SUBJECTS
Study |

During 2 years, November 1993-November 1995, 20 patients with widespread and/or
diffuse contrast enhancement on the routine FLASH sequence were selected from the
459 clinically MR examined women. These 20 patients with 27 lesions gave informed
consent to a second MR examination with a different T1-weighted sequence,
MPRAGE. The mean age of the women was 49 years (range 35-67 years). The time
interval between the FLASH and MPRAGE examination was 3 days to 3,5 months
with a mean of 23 days.

Study Il

During 3 years, 1993-1996, 15 patients with 17 lesions were examined with
semidynamic MRI of the breast before and after fine-needle aspiration of the lesions.
Their mean age was 54,5 (range 41-69) years and the time interval between the MR
examinations was 3-13 days (mean 7,1 days).

Study Ill, IV and V

From January 1996 to June 1997 (18 months) 97 consecutive patients scheduled for
surgery of breast lesions, detected by palpation or mammography, were offered to take
part in our prospective study. Four patients had to be excluded due to contra-indications
for MRI and claustrophobia. (Figure 12)

Study III: The remaining 93 women with 114 lesions, of which 64 were palpable, had a
mean age of 54 years (range 33-81 years) and the mean interval between MR
examination and surgery was 12 days (range 1-56 days).

Study I'V: From the 93 patients with 82 malignant lesions six were excluded in this
study, as the maximum lesion size could not be measured at histopathology. This
resulted in 76 malignant lesions in 65 patients. Their mean age was 56 years (range 33-
81 years), and the mean interval between MR examination and surgery was 11 days
(range 1-37 days).

Study V: In three of the 93 patients scintimammography was not performed, hence 90
women with 111 lesions and a mean age of 54 years (range 33-81 years) were included
in this study. Surgery was performed within two months after the examinations (mean
12 days).
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PATIENT SELECTION AND INVESTIGATION
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Figure 12.
Patient selection and investigation of study III, IV and V. Main flow of events and
explanation of events.
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METHODS

All studies were performed on a superconductive 1.5 T Magnetom SP 63 (Siemens,
Erlangen, Germany), using a dedicated receive-only bilateral breast coil and standard
software. The patients were examined in the prone position at the isocenter of the
magnet, with the breasts hanging into the breast coil. The contrast agent was injected
via a previously inserted long line into a cubital vein, while the patient was in position
in the magnet, and was immediately followed by 20 ml physiologic saline. The
injection was performed manually, as a bolus dose, within 30 s.

Study |

Two different T1-weighted 3-D-sequences were used:

FLASH (fast low angle shot) with TR/TE (repetition time/echo time) 31/6 ms, flip
angle (FA) 60°, 1 acquisition and acquisition time (TA) 6,23 min. One pre- and two
post-contrast series were performed.

MPRAGE (magnetization prepared rapid gradient echo) with TR/TE 10/4 ms, FA 10°,
1 acquisition and TA 3,02 min. One pre- and three post-contrast series were performed.
In both sequences the field of view (FOV) was 350 mm with matrix 192 X 256 and the
slices were in the transversal plane with a thickness of 2,2 mm and no interslice gap.
Gadopentetate dimeglumine (Magnevist, Schering, Berlin, Germany) was injected
intravenously at a dose of 0,1 mmol/kg b.w.

The MR examinations were reviewed independently by 3 radiologists and the findings
were divided into 5 categories: 1=normal, 2=benign, 3=probably benign, 4=probably
malignant and 5=malignant. The evaluation and diagnosis at MRI was based on visual
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evaluation of the contrast enhancement, which included the increase in signal intensity,
the speed and pattern of enhancement but also the degree of irregularity of the border of
the lesion.

Study I

The MR examinations were semidynamic using a 3D gradient-echo, FLASH, with
TR/TE 31/6 ms and FA 60° and TA 6,23 min. FOV was 350 mm, matrix 192 X 256
and slice thickness 2,2 mm with no gap. One pre- and 2 post-contrast series were
performed in the transversal plane. Gadopentetate dimeglumine at a dose of 0,1
mmol/kg b.w. was injected intravenously. The FNAB (fine needle aspiration biopsy)
was performed with a 21G (0.8 X 80 mm) needle.

Signal intensities were measured in the pre- and two post-contrast series at the
following sites in both the examinations before and after the FNAB: 1) within the
lesion; 2) in the surrounding breast parenchyma; 3) in nearby muscle. The increase in
signal intensity following contrast agent injection was expressed in percentage of the
value of signal intensity before the contrast agent administration, in the same slice
positions. Two percentage values were obtained, early and late contrast enhancement.
Both were calculated in the examinations before and after the FNAB, and each
individual patient served as its own control. Two radiologists experienced in breast
MRI reviewed the examinations, but one radiologist performed all the measurements.

Study Ill, IV and V

All patients were examined with TD (triple diagnosis) and dynamic contrast enhanced
MR imaging (CE-MRI). Breast conserving surgery or mastectomy was performed and
all lesions were histopathologically characterized.

Mammographies were performed using the routine equipment at our site. Each breast
was examined in three views, and when necessary suspected lesions were examined by
means of additional views (spot filming or direct magnification by microfocus). At
mammography the parenchyma was classified into 2 groups: predominantly dense or
predominantly fatty, according to the BI-RADS classification. (3)

Fine needle aspiration was performed by guidance of ultrasound (US) or stereotactic
mammography, using a 0,7-mm needle mounted in a Coleco syringe holder. An
experienced specialist in mammography performed all the US or mammography guided
punctures, while an experienced cytologist performed punctures of palpable lesions and
also immediately evaluated all samples.

A dynamic MR examination with one pre- and seven post-contrast series in the coronal
plane was performed, using T1-weighted 3D FLASH with TR/TE 12/5 ms, FA 25° and
TA 87 s. The FOV was 320 mm with matrix 112 X 256 and slice thickness 2,2 mm
with no interslice gap.

Gadopentetate dimeglumine 0,2 mmol/kg b.w. was administered as a bolus dose. The
postprocessing included subtraction, multiplanar reconstruction (MPR), calculation of
time-intensity curves of enhancing regions and in some cases maximum intensity
projection (MIP).

One MRI radiologist specially trained in breast MRI made the evaluations of CE-MRI
images, and a radiologist specially trained in scintigraphy evaluated the
scintimammographies. Both were blinded to the results of other examination methods
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(including mammography), clinical examination and cytology, only knowing the
patients were scheduled for surgery of a lesion in one breast.

CE-MRI image analysis was based on kinetic as well as morphological characteristics
of the contrast enhancement. A strong, early enhancement and washout were
considered malignant, while a slow, steady or poor enhancement was considered
benign. Inhomogeneous or rim-enhancement and irregular borders of a lesion were
classified as malignant, while homogeneous enhancement, well-defined or lobulated
margins and internal septations were classified as benign.

In Study III and V the lesions were graded in five diagnostic groups for each method
used: 1=normal, 2=benign, 3=probably benign, 4=probably malignant and
S5=malignant. When the results of the diagnostic techniques were discordant the final
result was defined as the highest value, which was also used for the combination of
methods in the ROC analysis in study V. Diagnostic groups 1-3 were defined as benign
and diagnostic groups 4-5 as malignant in the calculations of sensitivity, specificity and
diagnostic accuracy.

In study IV two different radiologists measured the largest lesion diameters at
mammography respective CE-MRI, and a pathologist measured the lesion diameters at
histopathology. The sizes at CE-MRI were measured only in the first postcontrast
series. Each of the measured sizes at CE-MRI and mammography were compared to
histopathologic size.

In study V scintimammography was performed using Tc-99m-Sestamibi where planar
imaging was started 10 minutes after the injection of 700 MBq **"Tc-Sestamibi.
Twelve patients received an intravenous injection in an antecubital vein on the
contralateral side to the breast lesion. Seventy-eight patients were injected in a pedal
vein to avoid false positive result in the axillary regions due to the perivascular
infiltration and the potential uptake in the muscles. Two prone laterals and one supine
anterior view were performed in each patient. Planar images with a matrix of 256 X
256 pixels were acquired for eight minutes for each projection. Data acquisition,
reconstruction and postprocessing were performed on a Hermes-system, and images
were classified based on visual interpretation. Sensitivity, specificity and diagnostic
accuracy were calculated.

Statistical methods

In study II T-test for paired samples was used for statistical evaluation.

In study IV the differences in sizes were presented in box plots for the pure invasive,
the pure in situ as well as for the mixed malignant lesions. Wilcoxon signed rank test
and stratified Wilcoxon signed rank test were used for statistical evaluation of the
differences in size. Graphic presentations of regression-lines present the differences
between CE-MRI and mammographic sizes relative to the histopathologic size in the
pure invasive and the mixed lesions. The regression-lines can be compared to the
equality-line (where measurements of all methods are exactly the same in the same
lesion).
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In study V a comparison of sensitivities and specificities was performed by means of
McNemar's ¥ test (43). Receiver-operating-characteristic (ROC) curves were
generated for each study by using the ROCKIT software package (version number:
0.9.1 for PC; C Metz, University of Chicago, Department of Radiology). The area
under the ROC curve (A;) was also determined, which can be used to describe the
overall diagnostic performance of a method. ROC analysis can also be used for
comparison of diagnostic accuracy of two or more tests (104). Single ROC curves were
drawn and the A, values were calculated, and complementary ROC comparison in pairs
was performed between each single diagnostic method. Comparing ROC curves of
mammography and the combined methods (mammography + CE-MRI respective
scintimammography) also assessed the adjunctive use of CE-MRI and
scintimammography. Univariate z-score test was used to determine a statistical
significant difference between the A, values (statistical significance at a p-value <0,05).
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MAIN RESULTS

STUDY |

A MPRAGE sequence (due to lower sensitivity to contrast enhancement) can be used
in a second examination in case of strong and wide-spread contrast enhancement using
a 3D FLASH sequence (with high sensitivity to contrast enhancement), facilitating the
down-grading of a false positive lesion to a true negative.

STUDY II

Fine needle aspiration biopsy did not impair the evaluation of a breast lesion at
subsequent semidynamic MR examinations. There were no differences in the
appearance or in the contrast enhancement of the lesions, and no edema or hematoma
was revealed.

STUDY Il

CE-MRI is of value as an additive method to triple diagnosis by increasing the
sensitivity, but at the cost of decreasing specificity. Patients with mammographically
dense breast parenchyma might benefit most, as the decrease in specificity in these
patients is less pronounced.

STUDY IV

CE-MRI and mammography are both good at measuring the size of detected invasive
breast malignancies. The total size of a mixed lesion is frequently underestimated by
both CE-MRI and mammography, although the invasive part can be equally well
described and measured with both methods. The pure in situ lesions were too few to be
evaluated, but are generally better described at mammography due to calcifications.

STUDY V

CE-MRI and *™Tc-sestamibi showed individually comparable diagnostic accuracy.
Better accuracy was found for the combination of CE-MRI and mammography when
using ROC-curves and area under the curve for evaluation. In lesions smaller than 10
mm in size scintimammography is less reliable due to a low spatial resolution.
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RESULTS AND METHODOLOGICAL DISCUSSION

STUDY |

The interobserver variation was minimal. Only in one lesion in one of the used
sequences was disagreement found in the category classification of the 27 lesions. Two
radiologists graded one lesion as 4, and 1 radiologist graded the same lesion as 3 on the
FLASH sequence, which resulted in the lesion being listed as category 4.
Eleven of the 27 lesions were verified as malignant by histopathology, all classified as
malignant or possibly malignant at both the FLASH and MPRAGE examinations. The
remaining 16 lesions were benign, 5 verified by histopathology and 3 by cytology. Of
the remaining 8 benign lesions 5 had no signs of malignancy at follow-up MR
examination (mean 45 months) and 3 were followed clinically for 45-48 months with
no signs of malignancy.
In the FLASH sequence 24 of the 27 lesions were classified as malignant or possibly
malignant, resulting in 11 TP (true positive), 3 TN (true negative) and 13 FP (false
positive) lesions. In the MPRAGE sequence 17 of the 27 lesions were classified as
malignant or possibly malignant, resulting in 11 TP, 10 TN and 6 FP lesions. (Table 1)
In comparison both the FLASH and the MPRAGE sequence revealed 11 TP and 3 TN
lesions. There were 6 FP lesions in both sequences, of which 4 were verified benign at
histopathology or cytology and 2 were followed clinically and mammographically for
more than 3,5 years without signs of malignancy. Seven of the FP lesions using the
FLASH sequence were downgraded using MPRAGE to be TN lesions, of which 4 were
verified as benign at histopathology or cytology.

Table 1.

MRI classifications, verifications and time interval for follow-up in the 13 benign

lesions, of which 7 were downgraded in the MPRAGE sequence. (DG = downgraded)

Lesion | Grading Lesion Histopathology | Cytology | Follow-up, | Follow-

FLASH / size at MR up,
MPRAGE | MR (mm) clinical

FP 4/4 3-10 - - unchanged | 46 months

FP 4/4 8 - benign | unchanged |45 months

FP 4/4 3-8 hyperplasia - - -

FP 4/4 8 complex sclerosing - - -

lesion

FP 4/4 7-10 - - - 45 months

FP 4/4 6 - benign - -

DG 4/2 25-50 - - - 48 months

DG 4/3 approx. 8 hyperplasia - - -

DG 4/2 5-20 - - benign |46 months

DG 4/3 10-12 - benign | unchanged |44 months

DG 4/3 8 - - unchanged | 44 months

DG 4/3 approx.10 hyperplasia - - -

DG 4/3 approx. 8 | sclerosing adenosis - - -

36




STUDY I

Fifteen of the 17 lesions were verified at surgery, revealing 8 benign and 7 malignant
lesions. The remaining 2 lesions were cytologically verified benign, and no surgery was

performed.

When the examinations were reviewed no differences were found in the appearance of
the lesions in the examinations before or after the FNAB, and the diagnostic outcome
was thus unaffected. No hematomas or edemas in or near the lesions were revealed in
the second examination, after the FNAB, in comparison to the first examination. The
comparison of contrast enhancement in the lesions, as well as in breast parenchyma and
muscle, revealed no differences in either the early or the late enhancement. (Table 2

and Table 3)

Table 2.

Changes (%) in early contrast enhancement before and after FNAB in 17 lesions.

Measured region Mean % SD p-value
Before FNAB | Lesion 185.2 134.9 0.136 ns
After FNAB | Lesion 149.1 112.4
Before FNAB | Breast parenchyma 31.3 40.3 0.148 ns
After FNAB | Breast parenchyma 16.8 17.6
Before FNAB | Muscle 64.8 57.7 0.404 ns
After FNAB |Muscle 514 33.1
Table 3.

Changes (%) in late contrast enhancement before and after FNAB in 17 lesions.

Measured region Mean % SD p-value
Before FNAB | Lesion 171.6 122.6 0.429 ns
After FNAB |Lesion 152.0 106.9
Before FNAB | Breast parenchyma 54.2 58.2 0.055 ns
After FNAB | Breast parenchyma 26.3 22.0
Before FNAB | Muscle 48.9 37.7 0.268 ns
After FNAB | Muscle 63.4 28.9
STUDY il

Histopathology of the 114 lesions revealed 82 malignant lesions, of which 73 were
invasive and 9 in situ cancers, with a mean diameter of 25 mm (range 2-100 mm).
Thirty-two lesions were benign. The resulting sensitivity/specificity was 84%/59% for
mammography, 93%/41% for TD and 94%/47% for CE-MRI alone. When all methods
were combined the sensitivity increased to 99% while the specificity decreased to 19%.
In the 32 mammographically dense breasts mammography/TD/CE-MRI/TD+CE-MRI
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had sensitivities of 72%/94%/94%/100% and specificities of 79%/57%/36%/29%
respectively.

Using TD 76 of the 82 malignant lesions were diagnosed as malignant, 77 lesions using
CE-MRI and 81 were diagnosed malignant using the combination of TD and CE-MRI.
Of the 32 benign lesions TD correctly diagnosed 13 and CE-MRI diagnosed 15, but the
combination of TD and CE-MRI diagnosed only 6 lesions as benign.

Both TD and CE-MRI revealed 72 malignant lesions, of which 7 were false negative at
mammography but cytology had revealed malignancy, and 3 of these were also
clinically diagnosed malignant. Only 6 benign lesions were diagnosed as true negatives
at both TD and CE-MRI, as well as individually at mammography, clinical evaluation
and cytology.

Nine TN lesions at CE-MRI were FP at TD. Seven of these FP findings were based on
mammographical findings, in one lesion based on cytological findings and in one lesion
based on both mammographical and cytological findings. (Table 4)

Five TP lesions at CE-MRI were FN at mammography, cytology and clinical
evaluation. Histopathology revealed 3 IDC:s (3mm, 5 mm and 18 mm), one invasive
with in situ lobular carcinoma extensive in size and a 10 mm mucinous cancer at the
margin of a cyst.

Five lesions were FN at CE-MRI (a 2 mm LCIS and 4 10-30 mm DCIS) but TP at
mammography in 4 of them due to calcifications. The fifth lesion was FN using all
methods.

CE-MRI diagnosed 17 lesions as FP. Ten of these were also FP at TD (5 based on
cytology and 5 based on mammography). The remaining 7 lesions were diagnosed
benign at mammography, clinically and cytologically. (Table 5)

Table 4.

Histopathological findings in the nine lesions diagnosed as true negative at CE-MRI
but false positive at TD.

(TN = true negative, FP = false positive)

CE-MRI | TD | Mammography | Histopathology
TN FP FP Hyperplasia, sclerosing adenosis
TN FP FP Scarring
TN FP TN Hyperplasia, sclerosing adenosis
TN FP FP Cystic hyperplasia
TN FP FP Atrophic changes
TN FP FP Granuloma, chronic inflammation
TN FP FP Sclerosing adenosis
TN FP FP Radial scar
TN FP FP Intraductal papilloma
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Table S.

Histopathological findings in the 10 lesions that were diagnosed false positive at both
CE-MRI and TD and in the seven lesions that were diagnosed false positive at CE-
MRI while true-negative at TD. (TN = true negative, FP = false positive)

CE-MRI| TD | Mammography | Histopathology
FP FP FP Fibroadenoma
FP FP FP Sclerosing adenosis
FP FP FP Apocrine metaplasia
FP FP FP Radial scar
FP FP FP Radial scar, sclerosing adenosis
FP FP TN Inflammatory changes, granuloma
FP FP N Fibroadenoma
FP FP N Hyperplasia
FP FP TN Sclerosing adenosis
FP FP TN Phylloides
FP TN TN Fibroadenoma
FP TN TN Fibroadenoma
FP TN TN Intramammary lymphnode
FP TN TN Cystic hyperplasia
FP N TN Fibroadenoma
FP TN TN Stromal fibrosis
FP TN TN Intraductal papilloma
STUDY IV

Histopathological examination of the 76 malignant lesions revealed 48 invasive, 5 in
situ and 23 mixed invasive/in situ cancers. The ranges of sizes of the lesions in the
different methods are shown in Table 6.

o All invasive cancers were detected at CE-MRI, but 7 lesions were not
diagnosed at mammography (6 IDC:s and 1 tubular cancer, 5-47 mm in size at
histopathology with mean 16,9 mm and median 9 mm). Surgery was performed
in these 7 lesions due to a palpable mass (4 lesions) and accidentally detected
lesions at CE-MRI (3 lesions). The difference in sizes was smaller for CE-MRI
measurements compared to mammographic size differences, and CE-MRI also
had the smallest spread. (Figure 13)

e The pure in situ lesions were only five and hence difficult to assess. The
differences in sizes were almost similar. Two lesions were not diagnosed at CE-
MRI (a 40 mm DCIS and a 2-mm LCIS) while one 3-mm DCIS was missed at
mammography. Of the 5 lesions, 4 were detected as microcalcifications at
mammography, of which CE-MRI did not detect 2. (Figure 13)

e CE-MRI revealed all the invasive parts of the mixed lesions, while 2 mixed
lesions were missed at mammography (40 and 34 mm in size). One lesion
consisted of 4 IDC:s (20, 11, 5 and 5 mm) surrounded by 50-mm LCIS. In this
lesion mammography revealed only the 20 mm invasive part while CE-MRI
revealed all the invasive parts, and both methods missed the in situ part. The
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distribution as well as the spread was very wide for both methods. The median
of the differences shows that both methods underestimate the histopathological
sizes, more obvious for mammography. (Figure 13)

Table 6.
The sizes of the different lesions at mammography, CE-MRI and histopathology
(in mm) were:

INVASIVE | IN SITU | MIXED
Mammography
Variation 0-70 0-30 0-100
Mean 20,2 13 23,6
Median 18 12 20
MR
Variation 5-65 0-30 3-100
Mean 21,9 9 29,3
Median 20 5 25
Histopathology, total size
Variation 5-65 2-40 10-100
Mean 22.4 17,6 473
Median 17 15 50
Histopathology, size of invasive part
Variation 3-70
Mean 20,9
Median 20
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Figure 13.

Difference in size at CE-MRI and mammography compared to histopathology for the
pure invasive (N=48), pure in situ (N=5) and mixed (N=23) lesions.
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Both CE-MRI and mammography are good in determining size of invasive lesions,
with regression lines close to the ideal regression line, and the statistical difference
between the methods was not significant (p=0,366). The differences between the
methods were small in the mixed lesions and no significant difference was found
(p=0,116). The pure in situ lesions were too few to draw any statistical conclusions
(p>0,5). Using stratified Wilcoxon signed rank test the p-value for the difference in
sizes for all the lesions together was 0,097 indicating a tendency for CE-MRI to be
better than mammography.

Among the pure invasive lesions there was 1 extreme and 3 outliers at mammography,
but no extremes or outliers in the few pure in situ lesions. CE-MRI had no extremes but
4 outliers in the group of pure invasive lesions, and 1 extreme among the in situ lesions.
Among the mixed lesions mammography had a very wide spread of sizes (from 30

to —75 mm in size-differences compared to histopathologic size) and no extremes or
outliers were defined. CE-MRI had a smaller spread, in particular the group
underestimating the sizes, and hence CE-MRI had 3 outliers among the mixed lesions.
CE-MRI also estimated lesion-size better than mammography in 5 lesions, while
mammography was better in 1 lesion. (Table 7)

Both CE-MRI and mammography largely underestimated the sizes in 5 lesions with
IDC+DCIS. (Table 8)

Table 7.
In five mixed lesions CE-MRI clearly estimated total size better than mammography
and in one lesion mammography was better.

Size (mm) at Size (mm) at Size (mm) at | Histopathological finding
mammography CE-MRI histopathology
10 3 10 Mixed IDC+DCIS
15 45 50 IDC in LCIS
0 35 40 IDC in DCIS
25 50 55 IDC in DCIS+LCIS
30 50 60 IDC in DCIS
0 15 34 IDC in DCIS
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Table 8.

In five other mixed lesions (IDC+DCIS) both CE-MRI and mammography
underestimated the sizes. In the first two lesions the invasive part was 15 respective 6
mm IDC, and hence both CE-MRI and mammography better described the invasive
part.

Size (mm) at Size (mm) at Size (mm) at
mammography CE-MRI histopathology
33 15 60
6 10 50
10 20 50
30 20 50
15 15 50

STUDY V

Histopathological analysis of the 111 lesions revealed 79 malignant and 32 benign
lesions. Of the 79 malignant lesions 71 were invasive and 8 in situ cancers. Mean lesion
size was 20 mm (range 2-100) and mean size of the invasive lesions was 25 mm (range
5-65). Of the 111 lesions 71 had a diameter greater than 10 mm (59 malignant and 12
benign), and 40 lesions were equal or less than 10 mm (20 malignant and 20 benign).
The benign lesions were operated upon due to 13 mammographic findings, 8 clinical
findings, 6 accidental findings (4 in another quadrant and 2 in the contralateral breast)
and in 5 lesions due to cytology indicating malignancy.

Diagnostic accuracy:

The sensitivity of CE-MRI was significantly higher than scintimammography
(p=0,008), and scintimammography had significantly higher specificity than CE-MRI
(p=0,049). The sensitivity was significantly higher for both the combination
mammography + CE-MRI (p=0,001) and mammography + scintimammography
(p=0,016) compared to mammography as a single method. The combined methods had
significantly lower specificity than mammography alone (p<0,0005 for mammography
+ CE-MRI and p=0,016 for mammography + scintimammography). (Table 9)

In the group of lesions larger than 10 mm there was no difference in specificity
between CE-MRI and scintigraphy, but in the lesions equal or smaller than 10 mm
scintigraphy had higher specificity (p=0,039). (Table 10)

The ROC curves were almost the same for mammography and mammography +
scintimammography, while mammography + CE-MRI had a significantly higher
diagnostic accuracy than mammography as a single method. CE-MRI and
scintimammography showed no improvement in diagnostic accuracy as adjuncts to
mammography using McNemar's ” test, but the ROC analysis showed that
mammography + CE-MRI was significantly better than mammography alone.

(Table 11)

False negative lesions:
At both CE-MRI and scintimammography there were 5 false negative (FN) findings, all
in situ cancers with mammographically malignant calcifications in 4 of them. Four
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lesions were less than 10 mm, and one was 40 mm. Scintimammography had 9 more
FN lesions, 7 IDC:s and 2 tubular cancers, all correctly diagnosed at CE-MRI, with
mean diameter 11 mm (range 3-22 mm).

Of all the 14 FN lesions mammography did not detect 3 IDC:s, 1 invasive tubular
cancer and 1 DCIS.

False positive lesions:

Both CE-MRI and scintimammography had 4 false positive lesions (hyperplasia,
chronic granuloma, phylloides tumour respective intramammary lymph node). CE-MRI
had 13 more FP lesions where scintimammography was TN (5 fibroadenomas, 4
hyperplasias, 2 radial scars, 1 fibrosis and 1 intraductal papilloma).

Mammography was TN in 12, but FP in 5 of the 17 CE-MRI-detected FP lesions (2
hyperplasias, 1 fibroadenoma and 2 radial scars).

Scintimammography had 4 more FP lesions while CE-MRI was TN (2 hyperplasias, 1
chronic granuloma and 1 fibroadenoma). Of the 8 FP lesions at scintimammography,
mammography was FP only in 1 chronic granuloma. Among the 8 fibroadenomas
scintimammography was FP only in one, but CE-MRI was FP in 5.

Table 9.

Overall diagnostic accuracy of mammography, CE-MRI, **"Tc-sestamibi
scintimammography and the combined methods in 111 histopathologically verified
breast lesions.

Diagnostic method(s) Sensitivity, Specificity, Diagnostic
% % accuracy, %

Mammography 85 59 78
Planar *"Tc-sestamibi 82 75 80
scintimammography

Dynamic contrast-enhanced MRI 94 47 80
Combined mammo + scint 94 38 78
Combined mammo + CE-MRI 99 22 77
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Table 10.

Diagnostic accuracy of mammography, CE-MRI, **"Tc-sestamibi
scintimammography and the combined methods in lesions greater than 10 mm, and
lesions equal or smaller than 10 mm.

Diagnostic method Sensitivity, Specificity, Diagnostic

% % accuracy,
%

LESION SIZE > 10 mm, N=71

Mammography 93 67 89

Planar *"Tc-sestamibi 93 58 87

scintimammography

Dynamic contrast-enhanced MRI 100 50 92

Combined mammo + scint 100 33 89

Combined mammo + CE-MRI 100 25 87

LESION SIZE <10 MM, N=40

Mammography 60 55 58
Planar *"Tc-sestamibi 50 85 68
scintimammography

Dynamic contrast-enhanced MRI 75 45 60
Combined mammo + scint 75 40 58
Combined mammo + CE-MRI 95 20 58
Table 11.

Comparison in pairs of receiver-operating-characteristic (ROC) curves of
mammography and the combined methods in 111 histopathologically verified breast
lesions

Diagnostic methods A,of A of p-value
method method
(L) @
Mammography (1) vs. combined 0.854  0.887 0.213
mammography + scintigraphy (2)
Mammography (1) vs. combined 0.860  0.940 0.034*

mammography + CE-MRI (2)
* Difference between the A, values was statistically
significant (z-score test)
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DISCUSSION
STUDY |

MRI of the breast has, since the introduction of paramagnetic contrast medium
(Gadolinium) in the examinations, evolved as an important complementary method to
clinical evaluation, mammography and ultrasound. Many different types of sequences
have been used in order to facilitate evaluation and reduce the number of false positive
as well as false negative findings. For example Harms et al (45) using RODEO,
Merchant et al (103) using a mixed imaging sequence and Pierce et al (125) using fat
suppression and magnetization transfer contrast. Different enhancement patterns have
been identified for benign and malignant lesions (14, 48, 50, 70, 139), but also the
importance of fast sequences to enable dynamic examinations, often using subtraction
techniques in the evaluation. (12, 40) There has been a large variation in both spatial
and temporal resolution as well as in the interpretations of findings, affecting both
sensitivity and specificity, which has made comparisons of different studies difficult as
discussed by Hrung in 1999 (59).

In recent years a standardized technique to facilitate evaluations and comparisons of
results have been suggested and discussed by several authors (62, 74, 107, 114).

In study I, which was performed before these discussions took place, we tried a
different approach. In problem cases presenting a strong and widespread enhancement
in the standard semidynamic examination we used a different type of T1 sequence as a
second examination. When the study was performed we had no access to faster
sequences, and hence both examinations were semidynamic with a rather low temporal
resolution, but with a high spatial resolution. The routine FLASH sequence has a high
sensitivity for contrast enhancement. As a second examination we introduced a
MPRAGE sequence, which presented a less pronounced enhancement of normal breast
parenchyma, facilitating the ability to distinguish malignant lesions from benign
parenchyma and lesions. All malignant lesions of the study were equally well
diagnosed in both sequences, but by using the less contrast-sensitive MPRAGE
sequence we were able to downgrade 7 lesions that appeared malignant on the more
contrast-sensitive FLASH sequence into the benign lesions they were. MPRAGE also
facilitated the differentiation of malignant lesions from breast parenchyma with strong
and spread enhancement on the FLASH sequence. The 20 patients studied were a
selected group with examinations difficult to interpret, which might partly explain why
6 false positive lesions were found using both sequences. Hormonal influences have
been proved to pose significant problems during some periods of the menstrual cycle
(81), and the recommendation is to perform MRI during the second week. In this study
we did not perform the examinations during any specific period of the menstrual cycle,
but there were no differences between the groups (the downgraded and the remaining
false positive findings) in age, cause of referral and time interval between the
investigations. Even though the number of examined patients was too small for
statistical evaluation we found half of the false positive lesions in the contrast-sensitive
FLASH sequence could be downgraded to true negative lesions using the less contrast-
sensitive MPRAGE sequence.

These findings are not that important in clinical practice today, as the development of
faster sequences with higher temporal resolution during the last years have facilitated
the evaluations.
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STUDY II

The use of fine-needle aspiration biopsy in diagnosis of breast lesions is a well-known
method dating back many years (47), used to confirm or exclude malignancy. It also
forms one of the important cornerstones of triple diagnosis (TD), together with clinical
examination and mammography, often being complemented by ultrasound. Although a
fine-needle is used and the procedure is quickly performed it may influence the
histopathological diagnosis, for example by causing edema and hematoma. Klein et al
(75) found that FNAB caused false positive findings at mammography during the first
week after FNAB, but did not cause any false negative lesions. In a study be Lee et al
(87) of histological changes after FNAB 17,4 % of the 184 examined cases revealed
changes that were considered definite and probably caused by the FNAB, the most
common being hematoma and hemosiderin deposition.

Such changes could theoretically impair the MR investigation, not only because of
hematomas causing signal changes in different degradation phases, but also by
increased contrast enhancement caused by proliferation and reparative processes, thus
causing an increase of false positive findings. In a retrospective study Fischer et al (34)
studied the effect on the evaluation of MR examinations after performed fine needle
and core biopsies. Their results cannot be directly compared to ours due to a thicker
slice thickness of 4 mm. However, they found no disturbance of the evaluation of the
MR examinations after performed FNAB, but core biopsies often caused hemorrhages
that could impair the MR evaluation.

In study Il we performed a semidynamic MR examination with thin slices both before
and after the FNAB was performed, measuring the signal intensities and also the
contrast enhancement of the lesions in both examinations, but also of the nearby breast
parenchyma and muscle. There were no changes at visual interpretation of the images
and no change of the contrast enhancement in the lesion, the surrounding breast
parenchyma or the muscle. In this study we had a short interval between the
examinations of 3-13 days, hence including the period where mammographic
evaluation is known to be problematic. This interval was to establish the FNAB had
been diagnostic before performing the second MR examination. Our result showed that
there was no impairment of the MR evaluation, even during the first post-puncture
week, opposed to the difficulties described at mammography by Klein et al (75). In
comparison to the study by Lee et al (87) we had fewer patients, and considering their
result we should have expected changes in the tissues caused by the FNAB in at least 2
of the examined lesions. As we found no significant changes in any of the examined
lesions we came to the conclusion that FNAB can be performed irrespective of when
MRI is scheduled, although a larger study would be of value for better statistical
evaluation.

STUDY Il

During the last 10-20 years there has been a marked evolution of breast imaging from a
well defined use of mammography to the complementary use of many breast-imaging
techniques, including ultrasound, MRI and scintigraphy. Although mammography has a
high sensitivity (80-85%) and a relatively high specificity (50-70%) to detect
malignancies it has some shortcomings, for example in dense parenchyma and scar
tissue. Initially there was a reluctance to use MRI due to low spatial and temporal
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resolution, lack of knowledge and standardized protocols. Before the introduction of
contrast agents the difficulties in defining malignancies also decreased the usefulness.
MRI has now proved to be a useful method in specially defined applications, and many
studies have showed a high sensitivity (65-100%) but a very varying specificity (20-
100%). MRI as an adjunct to mammography and US has been found to provide high
sensitivity and negative predictive value (113). Hrung et al (59) proposed in a meta-
analysis that these differences were caused by different examination methods, selection
of patients and diagnostic criteria. Therefore it is very difficult to compare the studies.
In a review article Kuhl (83) also emphasizes the hormonal status influence on the
evaluations, including the risk of false positive findings in premenopausal women and
in women on hormonal therapy. Recently a MRI lexicon has been published, which has
been worked upon during the last years to standardize imaging protocols and
interpretation criteria, adapting the same terminology as in mammography. Using the
same evaluation standards will in the future facilitate the comparison between different
sites and studies (62, 73).

In our prospective study (study I1I) we found the sensitivity of mammography and
dynamic contrast-enhanced MRI (CE-MRI) to be comparable to previous studies, 84%
and 94% respectively. Also the specificities were within previously known ranges, 59%
and 47% respectively. (59) The specificity of CE-MRI in this study was lower than in a
previous study of our group, 73%. (14) This might be explained by the fact that we in
this study doubled the dose of the i.v. contrast agent (0,2 mmol/kg b.w. instead of 0,1
mmol/kg). The increased dose accentuated the enhancement appearance, which might
have increased the number of false positive lesions. The evaluation of enhancement
kinetics also was different, using a dynamic examination with shorter acquisition times,
compared to our previous semidynamic study. The use of dynamic examination might
have increased the specificity according to many authors (40, 83), but we have found
our previous semidynamic method to be as accurate as dynamic examinations.
Therefore the combined effect of these two different parameters probably caused more
FP lesions.

Ten of our 17 FP lesions at CE-MRI were also FP at TD, of which 4 was based on a
suspicion for malignancy at cytology. Histopathology showed that all the FP lesions
were conditions known to be difficult to assess at dynamic MRI, and even at cytology,
as they often include proliferative or inflammatory changes.

Four FN lesions at CE-MRI and one at both TD and CE-MRI occurred in in situ
cancers, which are known to be difficult to assess at CE-MRI (in particular if small) but
are often detected at mammography due to calcifications.

Our findings are in accordance with the results of Obdeijn et al (115) who compared
clinical examination, mammography, ultrasonography and MRI. They found
mammography and MRI to be complementary in some cases and that MRI has a
limited but distinct place in the work-up of breast malignancies. In another study by
Drew et al (28) MRI was found to be superior to TD in the detection of
multifocality/multicentricity in a preoperative evaluation of 334 women. Mumtaz et al
(110) in an evaluation of MRI in the preoperative staging of primary breast cancers in
90 patients found MRI to be of value for planning surgical management, but they also
in another study of 30 patients (109) found MRI to be useful in evaluation of patients
with a high suspicion of local recurrence in the irradiated conserved breast. They did
not use enhancement kinetics in their study making it difficult to directly compare to
dynamic studies.
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Dense breast parenchyma is known to be difficult to assess at mammography (65).
Using CE-MRI in these patients can result in a higher sensitivity, but also a decrease of
the specificity. In our study we separately evaluated lesions in mammographically
dense breasts, resulting in a decrease of sensitivity for mammography to 72%, while
maintaining the high sensitivity for both TD and CE-MRI, and increasing to 100% for
the combined TD+CE-MRI. On the other hand the specificity increased for
mammography to 79% and for TD to 57%, but decreased for CE-MRI to 36%. In the
combination of TD and CE-MRI the specificity decreased to 29% in the
mammographically dense breasts, which was at a higher level compared to 19% in all
the lesions. Therefore CE-MRI can be of use as an additive examination in patients
with dense parenchyma.

STUDY IV

Accurate measurement of the size of a breast cancer is important not only in staging but
also in treatment planning, and has become increasingly important in preoperative
evaluation as breast-conserving surgery (BCS) is frequently replacing mastectomies.
We measured the sizes at the first post-contrast images at CE-MRI to evaluate the areas
of the earliest enhancement, which is believed to represent malignant areas according to
enhancement kinetics.

Previous studies by Boetes et al (10), Davis et al (25) and Mumtaz et al (110) have used
other techniques in the evaluations. Boetes et al (10) used a sequence with a high
temporal resolution (2,3 seconds) but low spatial resolution (10 mm) to evaluate the
enhancement kinetics. For size measurements they used a sequence with high spatial
resolution (1,4 mm) but using a TA of 5 minutes, performed after the 2 minute dynamic
series, hence the measurements were made at a later stage of enhancement. In their
evaluation they used the deviation of the sizes of MRI and US from histopathologic
size as a relative measure, also presented as procentual deviations. Davis et al (25) ina
study of 14 breast cancers used different contrast agents at different doses (0,1-0,3
mmol/kg) and a 3D gradient echo sequence with different TR s, varying FOV and slice
thickness, resulting in varying voxel sizes. Hence their result is very difficult to
compare to other studies, as there is such a great variation of their examinations.
Mumtaz et al (110) used a high spatial resolution (2 mm) examination but one pre- and
post-contrast series with TA 4,57 minutes, thus not dynamic and not measuring the
earliest enhancement. However, they all came to the same conclusion that contrast-
enhanced MRI was more accurate in size measurements compared to mammography,
and in two of the studies also to ultrasound. Because of these different methods and
evaluations it is difficult to directly compare the results. We think it is important to
cover the whole lesion during the dynamic evaluation, and measuring the sizes of
malignant lesions using high spatial resolution examinations in the early enhancing
phases. Moreover we find it important to evaluate the dynamic contrast enhancement in
all parts of the breasts, both for measuring total lesion size but also for diagnosing
multifocality and/or multicentricity.

In our study we found a good correlation for both CE-MRI and mammography
measuring lesion size of invasive cancers compared to histopathology, and using MPR
and MIP in the evaluation is a possible and easy way to define the largest measurable
diameter.
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Davis and McCarty (27) in their review of breast tumor size assessment, using different
methods, found MRI to more accurately define the borders of breast cancers and the
size of irregular lesions. They also agreed that MRI has the advantage of distinguishing
invasive cancers from fibrous tissue, postoperative as well as post chemotherapy, which
has been discussed by other authors (49, 153).

We found that both CE-MRI and mammography were equally poor in estimating size
of the in situ component of mixed invasive/in sifu cancers. MRI was shown to have too
low sensitivity for routine use in evaluation of mammographically detected
microcalcifications by Tiling et al and (148), and the difficulties to diagnose in situ
cancers have also been discussed by others (83, 156). Boetes et al (11) in another study
found the FN findings of MRI often to be DCIS, in particular non-comedo type. They
proposed that some types of DCIS are difficult to diagnose at MRI due to a normal
enhancement pattern, which might be explained by the fact that microvessels or
pathological vessels have not been fully developed in all DCIS. The importance of
determining the extensive intraductal component (EIC) of IDC:s in patients planned for
BCS has been proven by Holland et al (58). In a study of 217 IDC:s they found that
EIC positive tumours were more likely to have carcinomas in the remainder of the
breast than EIC negative tumours, explaining the association between EIC and
recurrent malignancy. In these cases MRI could be of value for detection of
multifocality or multicentricity, even though the EIC in itself probably not would be
diagnosed. This was proven in the mixed lesions of our study where a major part of the
lesions were underestimated in size at CE-MRI, but more obviously at mammography,
and CE-MRI also revealed more invasive parts.

The overall findings of our study imply that in general CE-MRI presents a slightly
better measure of size, although the difference to mammography was not statistically
significant in the pure invasive cancers. The total sizes of mixed invasive/in situ lesions
often were underestimated by both CE-MRI and mammography, but the invasive parts
were equally well described as in the pure invasive lesions.

STUDY V

To reduce the number of unnecessary interventions there has been a need for new
diagnostic methods, complementing the standardized mammographic examinations. At
present ultrasound and FNAB are used as routine investigations, US being an important
complementary examination to triple diagnosis (TD). Studies comparing MRI and
scintimammography (63, 88, 122, 147) have found MRI to exclude malignancy with
high confidence although having a relatively low specificity, while scintigraphy had
varying diagnostic effectiveness with variations of both specificity and sensitivity. The
great variations depend on the variety of examination techniques, differences in
selection of patients, histopathological appearance and size of the lesions. These factors
also makes a comparison with our study difficult as we used thinner slices in the CE-
MRI examinations of 2,2 mm, compared to 4-5 mm in the above mentioned studies. In
the above mentioned studies no statistical method was applied to evaluate the
sensitivities and specificities except for Imbriaco et al (63) who used ROC-analysis to
compare diagnostic accuracies.

In our study we found a significantly higher overall sensitivity for CE-MRI compared
to scintimammography, and also significantly lower specificity, in agreement to
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previous publications. The difference in sensitivity between the methods was larger
than the difference in specificity.

It is well known that MRI often fails in diagnosing in sifu cancers, and all 5 FN lesions
in our study were in situ lesions. A relatively high number of FP lesions, including
hyperplastic changes and 5 of the 8 fibroadenomas showed early and strong
enhancement, resulted in the low specificity.

Scintimammography had almost as high sensitivity as CE-MRI and the specificity was
higher, 75%. Previously for example Danielsson et al (23) and Prats et al (127)
described that the sensitivity of scintimammography is strongly dependent on lesion
size, and the low resolution of the method reduces the accuracy in lesions smaller than
10 mm. Among lesions larger than 10 mm in our study the two methods had
comparable false positive rates, but among the lesions smaller than 10 mm the
significant difference between CE-MRI and scintimammography remained. This might
be explained by the size limitations of scintigraphy and the relatively higher specificity
as all small benign lesions will not be detected, which will result in true negative
findings and thus increase specificity. Therefore scintimammography has a doubtful
role in evaluation of problem cases detected at mammography measuring less than10
mm.

The overall diagnostic accuracy was equal when comparing mammography, CE-MRI
and scintimammography of our study (78%, 80% and 80%) as independent methods.
The combination of mammography and CE-MRI resulted in a high sensitivity of 99%,
as most lesions missed by CE-MRI were diagnosed at mammography, but the
specificity was also markedly decreased (22%) reducing the diagnostic value of this
combination. When combining mammography and scintimammography the sensitivity
was high, 94%, but the specificity also was low, 38%.

In clinical use MRI and scintigraphy have proven their value in breast diagnosis, not
only in inconclusive findings at mammography, but also for example in patients with
dense parenchyma at mammography, axillary metastases of unknown primary (118,
134) and for exclusion of multifocality (33, 110). In our study we found CE-MRI and
#MT¢_sestamibi scintimammography to show comparable diagnostic accuracy in
differentiating malignant lesions from benign lesions and normal parenchyma. The
diagnostic accuracy in lesions smaller than 10 mm is however vastly reduced in
scintimammography due to the low resolution of the method.
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CONCLUSION

MRI of the breast has since the use of a Gadolinium contrast agent was introduced
developed into a standardized method, and in recent years recommendations for a
standardized interpretation of the examinations has been introduced. Many studies have
been performed during the last 20 years using different methods, different selection
criteria for included patients, different contrast agents and doses, different interpretation
models and different evaluation criteria.

In our studies we found that

e FLASH is a sequence with high sensitivity revealing contrast-enhancing areas,
and therefore is the first choice in routine examinations. When atypical or
spread increased enhancement was detected, the addition of the MPRAGE
sequence improved the specificity of the MR investigation, and therefore can be
used as a problem-solver when diffuse and marked contrast enhancement is
found in the FLASH sequence.

e MRI evaluations were not impaired and could be performed with good accuracy
after FNAB of a lesion, and thus MRI can be performed irrespective of the time
interval to a performed fine-needle aspiration.

e CE-MRI of the breast is a valuable additive method to triple diagnosis (clinical
examination, mammography and cytology) due to high sensitivity but at the
cost of decreasing specificity, which was less pronounced in patients with
mammographically dense breasts. Hence women with mammographically
dense breasts might benefit most from CE-MRI as an additive method in
differentiation of benign and malignant lesions.

e CE-MRI presents a slightly better measure of size of a lesion, although the
difference to mammography was not statistically significant in the pure invasive
lesions. Both CE-MRI and mammography often underestimated the total sizes
of the mixed invasive/in situ lesions, although the invasive parts were equally
well described in the mixed lesions as in the pure invasive lesions.

e Ifhigh sensitivity and spatial resolution is needed CE-MRI is to be preferred in
clinical practice as an adjunct to mammography, rather than scintigraphy.

MRI is a useful tool in breast diagnosis in particular due to the high sensitivity, the
possibility to exclude multifocality/multicentricity and good evaluations of size and
extent of a lesion. The high sensitivity and high spatial resolution of CE-MRI is desired
when evaluating problematic cases in conventional breast imaging methods. Due to the
relatively low specificity it is not to be recommended as a screening tool, but as an
additive method in selected cases.
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