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T

HE FIELD OF BREAST CANCER detection and treatment has changed
profoundly this decade, and magnetic resonance imaging (MRI) of the breast
now plays an important role in detection and treatment planning. The thesis starts
with an initial evaluation of breast MRI in a setting of surveillance of high-risk women,
which at that time was an unusual indication for breast MRI, but has since become
very widespread. The results from our initial evaluation supported the decision to
start a study on a possible method to improve breast MRI specificity, in particular,
on the problems in describing morphology and contrast enhancement characteristics
of lesions on breast MRI. This was done at the time that several studies elsewhere
offered guidelines for the interpretation of breast MRI, based on the assessment
of lesion characteristics. We showed that even "simple" features resulted in a large
variability between radiologists, a finding later shared by other research groups.
Whereas training and simplification of terminology were used by others to reduce
this variability, we developed an automated method to place the region of interest
(ROI) for the assessment of the lesion contrast enhancement characteristics. This
introductory chapter sets the background of the included scientific work.
The questions answered in the thesis are the following:
Can MRI be used to screen certain women?
And if so, is its limited specificity still a big challenge?
Can this limited specificity, ifpresent, be alleviated by computer aided
diagnosis, and if this is the case: how?
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Breast Cancer Screening in a High-Risk Population
Breast cancer is the second most frequent cause of death from cancer in women in
the Netherlands, after lung cancer. In 2009, 4.6% of all deaths in women were due
to breast cancer. It ranked as the third most frequent cause of death overall, after
lung cancer and stroke but slightly above coronary arterial disease. There is a chance
of about 38% for Dutch women to be diagnosed with a type of cancer during her
lifetime; the chance of ever being diagnosed with breast cancer is slightly more than
12% for her1. Many attempts have been made over the years to reduce morbidity and
mortality, through improvements in early detection and in therapy. The first option
may lead to smaller tumors, offering local resection instead of mastectomy, and to a
lower rate of dissemination, which may improve the life expectancy. Early detection
of breast cancer is the goal of the Dutch breast cancer screening program, started
in 1975. In this program, all women currently aged 50 to 75 years are invited for a
biannual mammography.
In recent years, much work has been done to identify a subgroup of women who
have an increased risk of breast cancer. There are many factors that increase this risk.
Some of the most important are genetic mutations, which reduce the carriers' ability
to repair DNA, for example mutBRCAl or mutßßC.A2. Some have substantially
increased risk of breast cancer, well over 30% at the age of 50 years. The lifetime
risk of breast- and ovarian cancer is subject of continuous research2. In the general
population, less than 5% of women with the diagnosis of breast cancer before the age
of 50 years carry (are positive for) one of these mutations, but this increases to more
than 10% if there is a family member with ovarian cancer, and more than 20% if there
is more than one family member with ovarian or breast cancer before the age of 50
years3. Options to reduce mortality in these women range from an earlier start of
screening using annual surveillance with magnetic resonance imaging and physical
examination, to preventive mastectomy4·5. Especially in the case of women with a
BRCA1 or BRCA2 mutation, there is the additional risk of ovarian cancer (touched
upon above) so that preventive ovarectomy is sometimes performed. It is suggested
that this also reduces the chance of breast cancer6,7.
Women who have a substantially increased risk of breast cancer and who do not
opt for preventive mastectomy may enroll in an annual surveillance program.
Conventional mammography has a reduced sensitivity for younger women,
especially when screening women with BRCA1 or BRCA2 mutations. Furthermore,
there is some concern that these women have an increased risk of radiation-induced
Introduction
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malignancies, when compared to the general population8. Breast MRI is a very
sensitive technique to find abnormal breast tissue such as malignant tumors, and
although an intravenous contrast agent is needed, no ionizing radiation is used. It
was shown by several research groups that annual surveillance with breast MRI, may
lead to earlier detection of cancer in these women, when combined with conventional
mammography9 ".It has been shown recently12 that BRCA1 and BRCA2 carriers who
use annual MRI screening typically have a more favorable tumor stage. Also, the yield
of adding annual clinical examination and mammography (and possibly ultrasound)
maybe limited1,.
Although the various screening programs vary slightly, an integral part is an annual
examination using MRI. This technique is not entirely without disadvantages,
however. First, it is more expensive than "conventional" mammography. Second,
some women cannot undergo an MRI examination due to a variety of reasons, the
most important ones being claustrophobia and the presence of a cardiac pacemaker.
Third, it is not uncommon that an area in the breast looks suspicious, but is in fact
normal or a benign tumor. This is particularly important in screening populations,
as there is no malignant lesion present in the majority of cases. This is especially the
case in a population of "high-risk women". In 2008 and 2010, Lee et alH1'i showed in a
Markov model study that roughly a third of all mutBRCA 1 -positive women screened
with MRI will receive a false-positive result at least four times in their lifetime, at the
current state of the art. This result may be an overestimation of the actual numbers
due to several assumptions in their model, but it does emphasize the need to improve
breast MRI specificity. Fourth, some breast lesions (including cancers) can be seen
only on MRI, as was demonstrated by several research groups9·10 "'·17. This shows
the need for MRI-guided biopsy and wire localization, which as of yet has limited
availability throughout The Netherlands and almost every other country.
The disadvantages mentioned above are often outweighed by the increase in
sensitivity and more favorable tumor stage12 when MRI is added. Mastectomy and/or
oophorectomy is often an unattractive option for younger carriers of BRCA mutations.
Therefore, as more women with a BRCA or another mutation are identified, it is
becoming increasingly important for a radiologist to have the proper tools to obtain
maximum specificity in the assessment of breast MRI screening examinations.
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Breast MRI Interpretation
Every MRI examination consists of a number of sequences, each of which provide;
specific information about the structures imaged. There is great variation in the
amount of information that different breast imaging centers obtain through theii
breast MRI examinations. For example, there are sequences to detect water (e.g., ir
cysts), to detect leaky vascular epithelium (e.g., in solid tissue tumors), and to optimize
anatomical detail. Every breast MRI examination needs to have at least one sequence
that can show fine morphological detail, and one that allows analysis of contras
enhancement. Intravenous (iv.) contrast agent increases the MRI signal intensity o
tissues with "leaky" vascular epithelium, and is a very sensitive technique to detec
small tumors. Benign tumors typically enhance in a different fashion than malignan
tumors, and they also exhibit different morphological properties. Some ten years ago
several publications described the "architecture" of a breast tumor on MRI18 2". Thi;
eventually resulted in a chapter in the American College of Radiology (ACR) Breas
Imaging Reporting And Data System (BI-RADS'")21. Table 1 shows the descriptive
terms that can be used when employing the BI-RADS™ lesion assessment. The mos
important decision when using BI-RADS" is whether the detected pathologica
Focus/Foci
Mass-like Enhancement

Non-Mass-like Enhancement

Focus/Foci
Shape

Round, Oval, Lobulated, Irregular

Margin

Smooth, Irregular, Spiculated

Internal Enhancement
Characteristics

Homogeneous, Heterogeneous, Rim
Enhancement, Dark Septations,
Enhancing Septations, Central
Enhancement

Distribution

Focal Area, Linear, Ductal, Segmental,
Regional, Multiple Regions, Diffuse

Internal Enhancement
Pattern

Homogeneous, Heterogeneous,
Stippled/Puntate, Clumped, Reticular/
Dendritic

Initial

Slow, Medium, Fast

Delayed

Persistent, Plateau, Washout

Symmetric or Asymmetric
Kinetic Curve Assessment

Table 1: BI-RADS™ assessment categories for morphology and enhancement kinetics. For each
lesion, a choice needs to be made between "Focus", "Mass-like" or "Non-mass-like".
Introduction
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region of enhancement concerns a "focus", "mass" or "non-mass". The categories that
are used to describe these three types are shown in the table, as are the options from
which to choose. The table also contains two categories to qualitatively assess the
enhancement curve: "initial" and "delayed" slope. Figure I shows how these slope
categories should be used. Combining the morphological findings with the lesion's
contrast enhancement kinetics should lead the radiologist to a final assessment of the
lesion.
A radiologist looks for abnormalities on the MRI of breasts and surrounding tissues.
A full breast MRI examination contains hundreds of images, and visualization
techniques are used to make the interpretation more manageable. Each image shows
a thin slice of the scanned volume. Virtually every breast MRI examination contains
at least one set of volumes from a dynamic contrast enhanced series of acquisitions.
One volume is obtained before administering an intravenous Gadolinium-based
contrast agent, after which several other volumes are obtained using the same
settings as for the pre-contrast volume. Subtraction images are then generated to
make it easier for the radiologist to discern abnormalities. Figure 2 shows an example
of this. The contrast agent circulates in the blood plasma, and is eventually removed
from the body through the kidneys. Before being removed from the body, some of
the contrast agent transfers to the extravascular, extracellular space (EES) because
of a varying permeability of the local blood vessel wall. Typically, solid breast
abnormalities contain "leaky" new blood vessels with increased permeability, and
thus a higher concentration of Gadolinium in the EES. The rate at which the contrast
agent enters the EES determines the enhancement kinetics of the tissue on the postcontrast acquisitions. It is common practice in the interpretation of breast MRI
to generate a curve of the relative contrast enhancement vs. time, if an enhancing
abnormality is found. The relative enhancement is defined as the MRI signal intensity
on a post-contrast scan minus the signal intensity on the pre-contrast scan, divided
by the signal intensity of the pre-contrast scan. Although this is a reasonably good
way to quantify local Gadolinium accumulation, it should be noted that the relative
contrast enhancement is sensitive to many other factors: how much contrast agent
is administered, how fast is this done, what the MRI scan parameters are, etc. It
would be preferable to use pharmacokinetic parameters directly, such as Gadolinium
concentration or transfer constants. This will be discussed later in this introduction.
The contrast enhancement curve must not represent the average enhancement of the
entire lesion; rather, it should be obtained from the most suspicious region within
the lesion (the region of interest, or ROI)22 24. The ROI is preferably obtained from
at least several voxels, chosen from most the suspicious part of the enhancing lesion.
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Delayed

Initial
Signal
Intensity

7

/f

^

^

^

Plateau

^

^

,

/f
The initial phase ends at
2 minutes, or earlier when
the slope starts to change.

Time

Figure 1: Enhancement kinetics schematic: BI-RADS" terminology.

Figure 2. Example of a subtraction image after contrast. Notice the internal mammary arteries
(yellow dotted arrow) and the heart (yellow arrow head), which obviously show contrast
enhancement. The breasts should be near black, but a round lesion in the right breast (red arrow)
clearly shows rim enhancement (invasive ductal carcinoma).
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The use of several voxels instead of a single voxel reduces the effect of noise, caused
for example by imaging artifacts. The area with the strongest relative enhancement
is generally considered the most suspicious part of the lesion. The obtained curve
gives information about the rate of Gadolinium leakage into the EES, and about the
rate of removal from the EES several minutes after contrast injection. The ACR BIRADS™ defines three categories for early enhancement (slow, medium, rapid), and
three categories for late enhancement phase (persistent, plateau, washout). Generally
speaking, very fast or strong enhancement is suspicious, as is washout in the delayed
phase slope.
The shape of an abnormality is another important factor in differentiation between
benign and malignant etiology. Malignant lesions typically show an infiltrating
growth pattern, where tumor cells infiltrate healthy tissue. Benign lesions usually
expand locally, and tend to push away healthy tissue. As a result, malignant lesions
tend to have a more irregular shape than benign lesions (BI-RADS™ "shape" and
"margin"), and the amount of contrast enhancement within a malignant tumor often
varies more than in lesions of benign origin (BI-RADS" "internal enhancement
characteristics").
There is considerable overlap between findings in benign and malignant lesions,
however. Washout, for example, can be found in benign lymph nodes, fibroadenomas
or inflammation. Conversely, some malignant lesions are round, smooth and show
a typically benign enhancement curve. Although some lesion properties are highly
suggestive of malignancy (such as washout), this overlap is a major challenge in
breast MRI. The interpretation of a pathologically enhancing breast lesion on MRI
depends to a large extent on the (subjective) interpretation of the radiologist, and the
description of morphological and kinetic properties. If this description is incorrect, or
prone to observer variability, the final assessment is likely incorrect, too. We therefore
initiated a study to evaluate the agreement between radiologists in the description of
the same lesions.
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Computer Aided Diagnosis
The significance of several morphological and enhancement characteristics when
assessing a tumor on MRI of breast lesions have been described23. The individual
lesion characteristics can be used in a tree-based interpretation model20. In 2003,
Jacobs et al. based their analysis of breast MRI on tissue characteristics as determined
by a computer, and published a study in which multispectral ISODATA analysis
separated benign and malignant lesions from adipose and glandular breast tissue25.
Their method, based on K-means analysis, separated lesion from normal tissue quite
reliably, but it did not do so well on classification of the lesion as benign or malignant.
A few other publications addressed morphology and lesion delineation (for example
references 26-29). Bhooshan et al30 published a combination of morphology and
enhancement kinetics analysis in 2010. Many of these publications used variations on
the direct MRI signal intensity (mostly, relative enhancement), but pharmacokinetic
modeling has been used relatively sparingly. Degani31 first described modeling of
contrast enhancement in breast lesions using only 3 time points (3TP), which is now
increasingly popular as the basis for color overlays to help with the interpretation of
lelunh
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Figure 3. Demonstration of the iterative nature of the mean shift process. For each voxel, the features
of tumor enhancement, such as the Relative Enhancememt ("relenh") and Washout ("wash"), are
moved by a little bit in every iteration (marked with numbers), and finally converge to afixedvalue
for each feature.
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breast MRI studies32". The pharmacokinetic properties of a tumor can thus be used
as the basis of a computed probability of malignancy. One way to do this is through
histogram analysis, in which the kinetics of each voxel are used to obtain a histogram
for each pharmacokinetic parameter. The histograms are then used to determine a
value for each parameter, generally by using a fixed cut-off percentage. These values
are used to estimate a probability of malignancy. The histogram analysis is in this
case based on voxels spread throughout the entire lesion, and these are generally not
spatially contiguous. We hypothesize, however, that the analysis of a contiguous set of
voxels within a lesion, a "cluster" or actual region of interest (ROI), more adequately
represents the nature of a breast tumor. This also offers the possibility to show an
enhancement curve of a small area within that tumor. Our method is built upon
mean shift clustering, a multidimensional clustering algorithm that does not require
any parameters aside from its bandwidth parameters that depend largely on the
scale of the imaged structures. Figure 3 shows how the values of voxel feature values
change in the iterative mean shift process. After the mean shift filtering process, the
identification of the clusters within a lesion is a relatively straightfoward task.
Once a lesion has been divided into several clusters, the next step in our CAD
system is to identify the region of interest (ROI), defined by the most suspicious
cluster. This way, the lesion can be classified as "benign" or "malignant" based on
mostly the findings in the ROI. Most computer classifiers depend on training data,
which defines the boundary between benign and malignant. However, if the most
malignant cluster is not known, such training data is not available. Finding a solution
to this problem may be straightforward if only one well-known parameter is used
(relative enhancement, washout, etc.), but it becomes progressively more difficult
when the number of parameters increases, or when the extreme parameter values are
not obviously linked to malignancy. We developed an iterative ROI selection method
to solve this problem.
It has already been described how the interpretation of breast MRI studies is largely
based on the analysis of pathological signal enhancement after administering
intravenous contrast agent, and how this analysis can be considered a two-part process:
evaluation of both lesion morphology as well as contrast enhancement kinetics. An
integrated CAD system ideally recognizes pathological signal enhancement, and
then analyzes the morphology and enhancement kinetics to arrive at a probability
of malignancy. None of these steps are trivial, and the development of an integrated
system is beyond the scope of a single thesis. For this reason, the current work was
aimed at the automated analysis of contrast enhancement characteristics only. This
was done because, as noted earlier, the presence of strong and fast enhancement, as
| 20
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well as rapid washout of contrast after peak enhancement, weighs heavily in the final
assessment of a breast lesion. One of the most surprising outcomes of our observer
agreement study was that even the description of enhancement kinetics resulted in
considerable variability, so it was expected that CAD for this step would improve
the final overall assessment of radiologists. The automated detection of a region
of interest, which is the basis of our CAD algorithm, may also be used in different
fields of radiology: a slightly modified version could be of interest in MRI of prostate
cancer, for example.

Introduction
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Improving the System
The direct use of MRI signal intensity, or derivatives thereof (such as relative
enhancement) has the major disadvantage of being dependent on patient, contrast
injection specifics, and MRI hardware and software. If another MRI machine has a
dynamic contrast enhanced Tl sequence that is less sensitive to Gadolineum (Gd)
based contrast agent, less signal will result. With a constant "background noise", lesion
delineation will be harder, because it is harder to discern the enhancing abnormality.
A similar situation occurs when a patient's cardiac output or distribution volume is
markedly different from the average, or when the contrast injection speed or the Gdconcentration are different from the "testing" situation.
Pharmacokinetic modeling takes away all these disadvantages, but unfortunately
depends on many factors of which some are very hard to determine. One of the most
important but difficult factors is the actual, individual arterial input function (AIF14),
which sometimes is taken from the signal intensity in a large blood vessel that is
not in an area of the image with many artifacts. Such a vessel is not available in the
typical breast MRI study, because the signal from many larger vessels (like the aorta
or internal mammary arteries) suffers from extensive artifacts (erroneously detected
structures). In this thesis, the AIF is approximated by the signal intensity from
several muscular structures"'36. We first performed a study to evaluate the clinical
use of pharmacokinetic modeling in breast MRP7. In a next study, we intended to
use pharmacokinetic modeling to estimate the trans-capillary transfer constant Κ ,
the extracellular volume fraction V, and the rate constant k between extracellular
e

ep

extravascular and plasma spaces in every lesion voxel, and use these parameters
in finding the most suspicious cluster (i.e., the ROI) as well as in estimating the
probability of malignancy of the lesion.
Even though the first paper on mean shift clustering contained a (fairly simple) test
to see if significantly better results could be obtained after changing the bandwidth
parameters, it would be better if some sense of reproducibility and stability were
available. Such a method would ideally consist of a method, that suggests stability at
an identified maximum, and it also would need a limited number of experiments to
determine this maximum. A quite common experimental design is that of a response
surface, see for example reference 38. A design appropriate for validation of the two
bandwidth parameters used in the mean shift procedure has two variables, provides
good predictions throughout the region of interest of the design, allows investigation
of the lack of fit, and offers a precise way to determine the model coefficients. To
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further delve into the details of the method is not appropriate for this thesis. A
rotatable central composite design (CCD) was chosen based on the design criteria
laid out above, and was used to analyze the standard bandwidth values.
An adequate demonstration of the applicability of an integrated CAD would be a
prospective multi-user comparison of diagnostic accuracy without and with the
CAD system, but several reasons existed to not yet start such a study. The most
important reason has been touched upon already, namely that it does not yet
evaluate the morphology of an enhancing abnormality on MRI. An improvement
of the diagnostic accuracy of the automated analysis of contrast enhancement was
expected with the combined use of pharmacokinetic modeling, a response surface
optimization of bandwidth values, and possibly another type of classifier. It would
also show general applicability of our method. Instead of peforming a proper
multi-reader, multi-case study to evaluate the performance of our initial contrast
enhancement analysis method, we developed an extension of this first CAD system,
addressing multiple issues we were still having. We wanted do demonstrate, among
others, a likely generalization of our method, and the assumed superior performance
of our iterative ROI selection when compared to conventional ROI selection. We also
wanted to compare its performance against human evaluation as reported in current
literature. If the enhancement analysis of an integrated system seems to perform
adequately, then the system should be extended to include automated detection and
an analysis of morphology.

Introduction
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Outline of this thesis
This thesis consists of eight chapters, plus an appendix. You are almost done reading
the chapter 1, the Introduction. The following chapters are listed below:
In chapter 2, a retrospective analysis of breast MRI for the early detection of breast
cancer in women at increased lifetime risk is presented.
Chapter 3 contains published scientific discussion of some of the results from the
study in chapter 2.
Chapter 4 discusses the variability between radiologists when describing the
morphological properties and contrast enhancement kinetics of pathologically
enhancing structures in a breast MRI examination.
Chapter 5 describes a method to automatically determine an ROI-based contrast
enhancement curve in a known breast lesion, aiming to reduce the variability in the
description of the contrast enhancement kinetics by radiologists.
The analysis of contrast enhancement can be improved by, for example, using
pharmacokinetic modeling. Chapter 6 describes the application of such a model in
a clinical setting and lists several parameters that could be used to good advantage
during the interpretation of breast MRI examinations.
Chapter 7 presents an improved automated method to analyze the contrast
enhancement kinetics in a breast lesion, by addressing several limitations of the
earlier study in chapter 5, and by including pharmacokinetic modeling as described
in chapter 6.
A general discussion and conclusions are provided in chapter 8.
Chapter 9 contains a Dutch translation of the discussion and conclusions.
Appendix 1 contains a published letter, which reflects on findings and conclusions
in a paper describing the efficacy of bilateral preventive mastectomy in women with
a BRCA1 or BRCA2 mutation.
Appendices 2 and 3 contain the acknowledgements of all the assistance and support
I received from many, many people, plus a curriculum vitae and a list of publications.
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Abstract
Background: Although breast cancer screening is recommended to start at a younger
age for women with a hereditary risk of breast cancer, the sensitivity of mammography
for these women is reduced. We compared magnetic resonance imaging (MRI) with
mammography to determine which is more sensitive and whether MRI could play a
role in the early detection of breast cancer for these women.
Methods: We constructed a retrospective cohort of all breast MRI and mammography
surveillance reports made in our department from November 1994 to February 2001.
All of the 179 women in the cohort had received biannual palpation in addition to
annual imaging by MRI, mammography, or both. The 258 MRI images and the 262
mammograms were classified with the use of the BI-RADS™ (i.e., Breast Imaging
Reporting and Data System) scoring system, which has five categories to indicate the
level of suspicion of a lesion. Receiver operator characteristic curves were generated
for MRI and mammography, and the area under each curve (AUG) was assessed for
the entire cohort of 179 women and for a subset of 75 women who had received both
an MRI and a mammographie examination within a 4-month period. All statistical
tests were two-sided.
Results: In the cohort of 179 women, we detected 13 breast cancers. Seven cancers
were not revealed by mammography, but all were detected by MRI. For the entire
cohort, the AUG for mammography was 0.74 (95% confidence interval [CI] = 0.68 to
0.79), and the AUG for MRI was 0.99 (95% CI = 0.98 to 1.0). For the subset of women
who had both examinations, the AUG for mammography was 0.70 (95% CI = 0.60 to
0.80), and 0.95 to 1.0).
Conclusion: MRI was more accurate than mammography in annual breast cancer
surveillance of women with a hereditary risk of breast cancer. Larger prospective
studies to examine the role of MRI in screening programs are justified. [J Natl Cancer
Inst 2001;93:1095-102]
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T

HE AVERAGE LIFETIME RISK OF developing breast cancer for a woman
in The Netherlands is 116%' Many factors increase a woman's risk of breast
cancer to values far greater than this general population average Such factors include
germhne mutations of several genes, most notably BRCA1 and BRCA2, that increase
the lifetime risk of breast cancer for carriers of these mutations to between 60%
and 85%23 More than 50% of women with mutations in BRCA1 and BRCA2 are
diagnosed with breast cancer before the age of 50 years4 7 Therefore, a woman from a
family at risk for breast cancer should be encouraged to participate in a surveillance
program, starting at a young age
For many years, the imaging modality of choice for breast cancer screening has
been mammography, but its sensitivity is severely reduced when screening young
women8 ' ' Because of the reported high sensitivity of magnetic resonance imaging
(MRI)1213, the diagnostic performance of this modality is expected to be higher than
that of mammography when imaging young women However, so far only very few
reports have directly compared the two modalities"115 In this report, we validated
more than 6 years of MRI and mammography screening reports with histology or
2-year follow-up by imaging, to determine whether MRI has a substantially higher
overall diagnostic performance than mammography for the detection of breast
cancer in women with a hereditary risk of breast cancer
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Subjects and Methods
Subjects
The data for this retrospective cohort study were collected from the radiologic report
and pathology databases of the University Medical Center St Radboud, Nijmegen,
The Netherlands, where annual breast MRI for women at risk for early-onset familial
breast cancer has been practiced since 1994. We first selected all reports of breast
cancer surveillance examinations that used MRI or mammography from November
1994 to February 2001. We next refined the group to be included in the study based
on both indication and confirmation requirements. First, the patient's lifetime risk of
breast cancer had to exceed 15% based on family history of breast or ovarian cancer
or the presence of a germline mutation in the BRCA1 or BRCA2 gene. Second, the
patient had to have no personal history of breast cancer. Third, adequate follow-up
data had to be available for the confirmation of the radiologic findings; i.e., a report
was included in the study if follow-up MRI or mammography was available at least
2 years later. A report was also included in the study if a lesion found by MRI or by
mammography was confirmed by histology. Because all of the patients' data were
evaluated anonymously and retrospectively, no institutional approval or written
informed consent from cohort members was necessary.
The age at examination and the category of lifetime risk of breast cancer were recorded
for all of the patients in the cohort. To estimate the lifetime risk of breast cancer, we
used the method from an ongoing Dutch national multicenter breast cancer study16,
which is based on the cumulative risk at the age of 79 years according to the model of
Claus et al.17. The risk categories were mutation carrier (group 1: 50%-85% estimated
lifetime risk), very high (group 2: 30%-50% estimated lifetime risk), and high (group
3:15%-30% estimated lifetime risk). The presence of ovarian carcinoma in the family
history was also incorporated in the risk stratification. If breast cancer was found
in one first or second degree family member at the age of 55 years or younger and
ovarian cancer was found in two first or second degree family members, then the
lifetime risk for breast cancer for the patient was high (15%- 30%). If three or more
first- or second-degree family members were affected by breast or ovarian cancer,
then the lifetime risk of breast cancer for the patient was high (15%-30%); if at least
one of the three was a first-degree family member, then the lifetime risk for the
patient was very high (30%-50%). For some women in the cohort, the lifetime risk
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was between 15% and 50%, but the distinction between a risk category of 2 or 3 could
not be made because not all of the data needed for the estimation had been recorded.
In addition to surveillance for breast cancer, women known to be carriers of germline
BRCA1 or BRCA2 mutations received annual screening for ovarian carcinoma.
This screening consisted of a gynecologic examination, a transvaginal ultrasound,
and a serum CA-125 measurement. Preventive oophorectomy was discussed with
patients who were 35 years or older. Suspected carriers were also screened for ovarian
carcinoma, but oophorectomy was not discussed.
Because the cohort was constructed retrospectively, we had no control over the
choice of modality for the examinations. For each woman, this choice had depended
on a variety of factors, including whether the amount of glandular tissue on previous
mammograms had affected the mammography interpretation, whether the woman
had experienced physical distress during previous mammography examinations,
and whether a family member of the woman had ever had a malignancy missed by
mammography.
A total of 245 women with a familial risk of breast cancer received one or more
surveillance MRI or mammography examinations during our study. Sixty-six of
these women were excluded from the study because no histology or adequate followup information was available. Of the remaining 179 women in the cohort (aged
21-71 years) {Table 1), 40 had received mammography only, 49 had received MRI
only, 75 had received mammography and MRI within a 4-month period at least once,
and 15 had received mammography and MRI but at a year or more apart. If only
one imaging modality and physical examination were used initially, equivocal or
suspicious findings often led to additional diagnostic imaging that included the other
modality as part of the work-up.
All of the women in the cohort had received bi-annual physical examination and
annual imaging by MRI, mammography, or both. Slightly more than 92% of the
women had a first-degree relative with breast cancer who was diagnosed before the
age of 55 years, and 5% of the women had a first- or second-degree relative with
ovarian cancer. In the analysis of the cohort, we used all confirmed surveillance
rounds of the 179 women. A total of 262 mammograms had been interpreted (from
130 women), and a total of 258 MRI examinations had been interpreted (from 139
women).
In addition, we analyzed a subgroup within the full cohort, which contained only the
women who had received both MRI and mammography within a 4-month interval
MRI and mammography in Women with a Hereditary Risk of Breast Cancer

33 I

Stoutjesdijk

Automated Analysis of Contrast Enhancement in Breast MRI

at least once during the study period. For the analysis of this subgroup, we used only
the most recent surveillance round.

Imaging Protocol
The MRI examinations were carried out on a 1.5T system (Magnetom Vision; Siemens,
Erlangen, Germany) with a standard bilateral dedicated breast coil (CP Breast Array;
Siemens). MRI examinations for all of the premenopausal patients were done in the
second week of the menstrual cycle to minimize glandular tissue enhancement. We
used a dynamic contrast-enhanced FLASH-3D sequence, with a repetition time of
8.1 milliseconds, an echo time of 4 milliseconds, and a flip angle of 20 degrees. Both
breasts were fully imaged at all times. After a precontrast series of images, 0.2 mmol/
kg body weight of gadopentetate dimeglumine contrast agent (Magnevist"; Schering,
Berlin, Germany) was given by bolus intravenous injection with the use of a power
injector (Powerinjector*; Medrad, Pittsburgh, PA). A series of five postcontrast
images were obtained. For all series in the examination, the scanning orientation was
axial, and the acquisition time for each series was 80 seconds. In November 1999, the
imaging protocol changed to a coronal scanning orientation to reduce artifacts in
the axillary region due to the motion of the heart. The new acquisition time for each
series was 87 seconds.
All of the images were displayed in the transverse plane for interpretation. Subtraction
images were used to visualize the early and late contrast enhancment of possible
tumors18,19. Since 1995, curves of contrast enhancement versus time20'21 have been
used to aid in the analysis of suspicious looking breast lesions. Maximum intensity
projections were introduced early in 1999 to improve the visualization of suspicious
lesions. Throughout the study, all breast MRI examinations were interpreted with the
use of state-of-the-art criteria for the detection and diagnosis of breast lesions21"21.
Mammography examinations were carried out on a Mammomat 3000 (Siemens)
or a Senographe 2000D (GE Medical Systems, Milwaukee, WI). In addition to the
standard mediolateral oblique and craniocaudal projections, magnification views
in both projections were obtained, if needed. If possible, mammograms were made
during the second week of the menstrual cycle, initially because the examination
would be less painful. The choice of screening in this menstrual phase has recently
received additional support; it has been suggested that mammographie sensitivity
is probably decreased during the luteal phase of the menstrual cycle24, in which the
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breast density is substantially increased25 and the risk of carcinogenic mutation from
the radiation exposure is high26.
For some women, high-frequency ultrasound examination was performed by an
experienced radiologist (C. Boetes or J. H. C. L. Hendriks) using a Toshiba SSA 380
ultrasound unit (Toshiba America Medical Systems, Tustin, CA) that was equipped
with a 10-MHz transducer.

Reporting and Confirmation
The MRI examinations were prospectively interpreted by one of two radiologists
(C. Boetes and L. E. van Die), who were blinded to the mammography results.
The mammograms were interpreted by one of three radiologists (C. Boetes, J. H.
C. L. Hendriks, or L. E. van Die), who were blinded to the MRI results. Both the
MRI and mammograms were classified according to the Breast Imaging Reporting
and Data System (BI-RADS™)27, which is currently widely used for mammography
interpretation throughout the United States. The images were classified as 1 ) negative,
2) benign, 3) probably benign, 4) suspicious abnormality, and 5) highly suggestive
of malignancy. BI-RADS™ also includes a classification of 0, which indicates that
additional imaging is required. If a lesion was classified as probably benign, a followup examination 3-6 months later was recommended. If a lesion was classified as
suspicious or highly suggestive of malignancy, a biopsy specimen was taken or the
lesion was excised to obtain a histologic diagnosis. Examinations that were done
before the introduction of BI-RADS™ in our center were retrospectively given a BIRADS™ score of 1 if they were reported as "negative" and 2 if they were reported as
"benign."
To minimize the effect of differences between surveillance and diagnostic (i.e., workup) examinations, a radiologist (C. Boetes) re-read all of the "positive" examinations,
i.e., those that were not initially reported as negative or benign. We added an equal
number of randomly chosen negative or benign examinations from each modality
to the re-reading set. The radiologist was blinded to patient data, the number of
"positive" examinations, and the number of added negative or benign examinations.
Confirmation of the imaging results from either mammography or MRI was obtained
by histology within 2 months or by subsequent annual examinations. Material for
histologic examination was obtained by core needle biopsy or by excisional biopsy.
If ductal carcinoma in situ (DCIS) or invasive carcinoma was found, a simple or
modified radical mastectomy was performed. If histologic examination identified a
MRI and mammography in Women with a Hereditary Risk of Breast Cancer
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malignant lesion, then all of the imaging examinations from the preceding 2 years
were evaluated retrospectively by an expert radiologist (C. Boetes) to identify any
possible false-negative reports. Negative or benign reports were considered to be
a true-negative result if all imaging results from at least the next 2 years were still
negative. Negative or benign reports were also considered to be a true-negative
result if a malignancy had been found within the 2-year follow-up period, but only
if the lesion could not be identified retrospectively on the original images. In our
study, a false-negative result was defined as the result of an examination that was
originally reported as BI-RADS™ 1 or 2, but where a malignancy was actually visible
in retrospect or a malignancy was visible on the other modality. The malignancy had
to be detected (by either imaging or physical examination) within the 2-year followup period.
All lesions were classified at pathologic examination. For in situ and invasive
carcinomas, tumor size, histologic type, and differentiation grade were determined.
DCIS was graded I, II, or III, according to the classification of Holland et al.28. For
invasive carcinomas, the presence of metastases in the axillary lymph nodes was
determined by examination of conventional hematoxylin-eosin-stained slides of the
lymph nodes. Invasive carcinomas were graded according to the Elston method29.
Estrogen receptor (ER) status and progesterone receptor (PgR) status of the invasive
carcinomas were determined by immunohistochemistry. From the selected paraffin
blocks of embedded tumors, 4-μΓη sections were cut and dried overnight at room
temperature. After the section was dewaxed, endogenous peroxidase activity
was inhibited with 3% hydrogen peroxide in phosphate-buffered saline. Antigen
retrieval was performed twice in a microwave oven (800 W) for 5 minutes in 10 mM
citrate buffer (pH 6) at a temperature of 100 0 C. Blocking kit (Vector Laboratories
Inc., Burlingame, CA) was used to inhibit endogenous biotin according to the
manufacturers recommendations. The sections were incubated with 20% normal
horse serum (NHS) in phosphate-buffered saline for 15 minutes at room temperature
0
before they were incubated overnight at 4 C with primary antibody (ER [ 1D5 M7047;
Dako, Glostrup, Denmark] 1 : 200 dilution in 20% NHS or PgR [Ab-8 MS-298P; Neo
Markers, Fremont, CA] 1:400 dilution in 20% NHS). The sections were subsequently
incubated with a biotinylated horse anti-mouse antibody (Vector Laboratories Inc.)
at a dilution of 1 : 200 in 20% NHS, ABC Elite 1 : 50 (Vector Laboratories Inc.),
and 3,3 - diaminobenzidine (Sigma Chemical Co., St. Louis, MO). The sections were
counterstained with Mayers hematoxylin and mounted in Permount. The sections
immunohistochemically stained for ER and PgR were scored for the intensity of the
staining (intensity score) and for the proportion of positively stained tumor cells
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(proportion score), similar to the method described by Barnes et al.30. Both scores
were determined by assigning a mean subjective value over the whole cross-section
of the invasive tumor present in the tissue section. The intensity score ranged from
0 to 3 and was defined as follows: 0 = no staining even at high magnification; 1 =
mean staining only at high magnification; 2 mean staining obvious, but not intense,
at low magnification; and 3 = mean intense staining even at low magnification. The
proportion score ranged from 0 to 5 and was defined as the percentage of tumor
cells stained: 0 = none, 1 = less than 1%, 2 = l%-25%, 3 = 25%-50%, 4 = 50%-75%,
and 5 = 75% or more. The "quick score" was defined as the sum of the intensity and
proportion scores31. The hormone receptor status was considered to be negative if
the quick score was 0 or 2, to be slightly positive if the quick score was 3 or 4, to be
moderately positive if the quick score was 5, 6, or 7, and to be strongly positive if the
quick score was 8.

Statistical Analysis
Statistically significant differences in age and risk-category distribution between
the two groups (MRI and mammography) of the entire cohort were compared with
the use of the X test. The sensitivity, specificity, and positive and negative predictive
values were each calculated for MRI and mammography. Because these parameters
vary with the chosen operating point (i.e., the minimum BI-RADS™ score at which
a report is considered to be "positive"), receiver operator characteristic (ROC)
curves were determined with the use of the data from the entire cohort. To obtain
a parameter for diagnostic performance, we assessed the area under the ROC curve
(AUG). Because bias by the clinicians selection of the modality (selection or referral
bias) could affect the data from the entire cohort, we made an additional set of ROC
curves, using the data from the subset of patients who had received both MRI and
mammography within a 4-month interval. Despite the relatively small number of
malignancies detected in the cohort, multivariate regression analysis was used on this
subset to obtain ROC curves that were adjusted for age and risk category. Patients for
whom the risk category could not be specified beyond "2 or 3" were excluded from the
multivariate regression analysis. A difference in the AUCs between mammography
and MRI was assessed for the entire cohort with the use of a z-score test and for the
subset of women who had received both mammography and MRI within 4 months
32
with the use of the method described by Hanley and McNeil .
For all statistical analyses, we used the SAS software package (SAS Institute, Inc.,
Gary, NC). All Ρ values reported are from two-sided tests, with α = 0.05.
MRI and mammography in Women with a Hereditary Risk of Breast Cancer
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Results
To determine whether young women would benefit from MRI in addition to
mammography for the early detection of breast cancer, we generated a retrospective
cohort to compare the two modalities. There was no statistically significant difference
in age (P = 0.43) or in risk-category (P = 0.61) distribution between the women in
the MRI and mammography groups {Table 1). Among the 179 women in the entire
cohort, we detected 13 malignant tumors, all of which were imaged with MRI and
12 of which were imaged with mammography {Table 2). One cancer was a lowgrade non-Hodgkin's lymphoma, which was not visible on mammography. Of the
remaining 12 breast cancers, three (25%) were DCIS. None of these in situ carcinomas
were found in confirmed carriers of BRCA1 or BRCA2 mutations. Nine cancers had
a predominantly invasive component; five (56%) of these cancers were considered to
be lymph node negative (i.e., were negative for cancer in the axillary lymph nodes),
Table 1. Characteristics of the retrospective cohort of 179 young women with a hereditary risk ot
breast cancer
Full cohort
Mammography

MRI*

Subset, both
examinationst

No of patientsi

130

139

75

No of examinations

262

258

75

Age, y
«30
31^10
41-50
3=51

15(12%)
51 (39%)
47 (36%)
17(13%)

25(18%)
47 (34%)
50 (36%)
17(12%)

7 (9%)
23(31%)
35 (47%)
10(13%)

Risk category§
1
(50%-85%)
2
(30%-50%)
2or3||(15%-50%)
3
(15%-30%)

22(17%)
43 (33%)
40(31%)
25(19%)

25(18%)
51 (37%)
37 (27%)
26(19%)

15(20%)
26 (35%)
15 (20%)
19(25%)

*MRI = magnetic resonance imaging
tOnly the most recent screening round was used
tOf the 179 women included, 40 received only mammography, 49 received only MRI, 15 received both
mammography and MRI but in different years, and 75 received both mammography and MRI within 4
months
^Lifetime risk of breast cancer according to guidelines stated in an ongoing Dutch national multicenter
breast cancer study (16) and based on the model of Claus et al (17)
IIThese women all had a strong family history of breast cancer, but their risk category could not be
determined because not all necessary information was on record The presence of a germline mutation (nsk
category 1) was always on record The risk category was, therefore, either 2 or 3
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Tabic 2. Chamcteristics of breast cancers detected by either M R I or mammography among the retrospective cohort ol young women with
a hereditary risk o f breast cancer*

a.
3

Bl-RADSTg-

•I
I
3

5

Mai ignant
tumor No
1
2
3
4
5
6
7
8
9
10
11
12
13

M

MRI

Risk
category-

4
1
4
5
1
1
4
2

S
4
4
5
4
3
4
S
4
4
4
4
4

1 (BRCAI)
1 (BRCAI)
2
2
2
2
3
3
3
3
3
3
2/3

1
4
1
2

_

* M = mammography. M R I =

Κ'
•Ss

to

Age. y

Dysplasia

35
31
44
47
50
42
30
46
49
40
44
50
30

No
No
No
No
Yes
Yes
Yes
Yes
Yes
No
No
Yes

_

magnetic resonance imaging, T N M

Prim »f>
tumor type
Medullary care
M A L T ly Tiphoma
IDC
IDC
IDC
DCIS
DCIS
ILC
IDC/I1.C
IDC
ILC/IDC
IDC/ILC
DCIS

Grade

TNM§

Receptor status||

III

T2N0M0

e - , p - (QS 0-2)

—

Ill
II
II
II
III
1
III
II
II
III
111

—

T I NOMO
T2N0M0
Τ1 NOMO
TisNOMO
TisNOMO
T2NIM0
T2NIM0
T2NIM0
T2N0M0
T 2 N 1 MO
TisNOMO

—

e - , p - (QS 0.0)
e+. p+ (QS 7.8)
e+. p+

e+,
c+,
e+.
ee-,

p+
p+
p+
p+
p-

_
_

(QS 8.7)
(QS 7.6)
(QS 7,4)
(QS 0.0)

_

S5"

η
ο
3

3
33

2
Πι
3

to

= lumor-node-metastasis staging (55). medullary care = medullary carcinoma, e -

=

estrogen receptor negative, e+ = estrogen receptor positive, p - = progesterone receptor negative, p+ = progesterone receptor positive. QS = quick score. MA1.T
= mucosa-associated lymphoid tissue; I D C = invasive ductal carcinoma. DCIS = ductal carcinoma w um. I L C = invasive lobular carcinoma.
1 B l - R A D S ™ (ι e , Breast Imaging Reporting and Data System) indicates the grade assigned to the examination as detected by mammography and M R I

Grades

3-5 inmate short-term follow-up or biopsy
t L i l e t i m e risk of breast cancer according to guidelines stated m an ongoing Dutch national multicenler breast cancer study (lot and based on the model o l Claus
et al ( / 7)

η

SìTumor staging by use ol the T N M classification

3

IfThe estrogen and progesterone receptor status are shown only it determined

(55)

0-2 = negative, of 3—4 = slightly positive, o l 5-7 = moderately

The QS is calculated as the sum o f the intensity and proportion scores A QS ol

positive, and of 8 = strongly

positive

Ο
C
η
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and four (44%) were considered to be lymph node positive. No interval carcinomas,
i.e., symptomatic cases following a negative examination, were found in this study.
From the 258 MRI examinations, 30 lesions were assigned BI-RADS™ scores of 3-5
(Table 3). Thirteen of the 30 lesions proved to be malignant by core or excisional
biopsy. There were no false-negative MRI reports, and there were 228 true-negative
or benign MRI examinations. From the 262 mammograms, 15 lesions were assigned
BI-RADS"" scores of 3-5. Five of the 15 lesions proved to be malignant by core
or excisional biopsy. There were seven false-negative reports, in five of which the
radiologist mentioned the presence of dysplasia. There were 240 true-negative
mammographie reports.
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We next determined the sensitivity, specificity, and predictive values, with the
operating point of the ROC curve set at a BI-RADS™ score of 3 The sensitivity,
specificity, predictive value of a positive report, and predictive value of a negative
report were 42% (95% confidence interval [CI] 36% to 48%), 96% (95% CI = 94% to
98%), 33% (95% CI = 27% to 39%), and 97% (95% CI = 95% to 99%), respectively,
for mammography and 100% (95% CI = 98% to 100%), 93% (95% CI = 90% to 96%),
43% (95% CI = 37% to 49%), and 100% (95% CI = 98% to 100%), respectively, for
MRI If the operating point was set at a BI-RADS™ score of 4, the values were 42%
(95% CI = 36% to 48%), 99% (95% CI = 98% to 100%), 63% (95% CI = 57% to 69%),
and 97% (95% CI = 95% to 99%), respectively, for mammography and 92% (95% CI =
89% to 95%), 98% (95% CI = 96% to 100%), 71% (95% CI = 65% to 77%), and 99 6%
(95% CI = 98 8% to 100%), respectively, for MRI

Table 3. Bl RADS™ dassificalions ol all included exammations in the cohort ot young women with .1
hereditary risk of breast cancer*
Subset with both examinations'

Hull cohort
Bl RADS

11

category 1

MRI
1
2
1
4
5

Benign
196
η
12
5

Total

245

Mammography
1
2
1
4

209
31
7
J

Malignant

Total

Benign

1
9
1
Π

196
M
η
14
λ
258

41
11
6
I

4

214
Τ»
7
7

47
9
5
2

4

1

1

1

1

12

262

63

12

75

Ϊ
2

1

Total

250

I

61

Malignant

Total

1
8
3
12

41
II
7
II
1
75

5
2

I

52
11
5
6
1

'Numbers represent the total number of images by magnetic resonance imaging (MRI) or mammognphy
graded according to Bl RADS™ (1 e Breast Imaging Reporting and Data System) category and pathologic
status (benign or malignant) collected in the retrospective cohort of young women with a hereditary risk ot
breast cancer
•"•Bl RADS,M categories I = negative 2 = benign 1 = probably benign 4 = suspicious abnormality
and 5 = highly suggestive ol malignancy
+A subset of women received both MRI and mammography within a 4 month interval
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From the sensitivity and specificity data, we generated ROC curves, using the
entire BI-RADS™ range (Figure 1, A). The AUG was 0.74 (95% CI = 0.68 to 0.79) for
mammography and 0.99 (95% CI = 0.98 to 1.0) for MRI. The difference in the AUCs
(0.25 [95% CI = 0.20 to 0.30]) was statistically significant (P = .003).
We next analyzed the data for the subgroup of women who had received both MRI
and mammography within a 4-month interval. From 75 such reports, we detected 12
of the 13 malignancies found in this study. In 10 of these reports, the examination
using the second modality was not a surveillance examination, but rather a diagnostic
examination. For three of the women, MRI was done first; for the other seven,
mammography was done first. The effect of the resulting bias on the study results
was minimized by rereading the images, as described in the "Subjects and Methods"
section. The ROC curves for this subgroup of 75 women are shown in Figure 1, B.
The AUCs were 0.70 (95% CI = 0.60 to 0.80) for mammography and 0.98 (95% CI
0.95 to 1.0) for MRI. The difference in the AUCs (0.28 [95% CI = 0.17 to 0.39]) was
statistically significant (P = .02).
Finally, we used multivariate regression analysis to adjust for age and risk category
and determined new AUCs. For the entire cohort, the AUC was 0.82 (95% CI = 0.76
to 0.87) for mammography From the sensitivity and the specificity and 0.99 (95% CI
= 0.98 to 1.0) for MRI. The difference in AUCs (0.17 [95% CI = 0.12 to 0.26]) was
statistically significant (P = .02). For the subgroup who received both mammography
and MRI within a 4-month period, the AUCs were 0.80 (95% CI = 0.70 to 0.90) for
mammography and 0.99 (95% CI = 0.96 to 1.0) for MRI. The difference in AUCs
(0.19 [95% CI = 0.09 to 0.29]) was statistically significant (P = .05).
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Discussion
The identification and management of women with a hereditary risk of breast cancer
have received much attention during the last few years. Several studies have addressed
the assessment of lifetime risk of breast cancer from the patient's history (33,34) and
the efficacy of early diagnosis and treatment (35,36). The options of prophylactic
mastectomy and oo-phorectomy for women with a hereditary risk of breast cancer
have been investigated (37-40), and intensive surveillance programs beginning at a
younger age have been proposed35. The imaging modality of choice for radiological
screening has, so far, been mammography.
However, because young women have dense breast tissue, the sensitivity of
mammography is severely reduced. This reduced sensitivity is reflected in the results
of studies that compared mammographie sensitivity between young and older
women (41,42). If surveillance is to be compared with options such as prophylactic
mastectomy, it is necessary to use optimal radiologic screening techniques. Therefore,
consideration of surveillance by means of breast MRI is essential.
We investigated whether MRI had a substantially higher overall diagnostic
performance than mammography in a retrospective cohort of women with a
hereditary risk of breast cancer. The most important result of our study was that the
AUG was statistically significantly higher for MRI than for mammography. The AUG
approximates the chance that the radiologist correctly described the presence or
absence of a malignancy43. However, there are several limitations to our study design.
First, one should be aware that the results are biased by the fact that the examined
population consisted of women with a hereditary risk of breast cancer who opted for
annual surveillance. In this group of women, the results may be different from those
obtained in a group of women with a hereditary risk of breast cancer who all received
an invitation to participate in a screening program. It is also not possible to fully
disentangle the mix of surveillance and diagnostic examinations. This could account
for some of our results because the radiologists may have known that a suspicious
lesion was found with the other modality. In an attempt to minimize the effects of
this mix, a radiologist re-read all reports from either modality that were assigned a
BI-RADS™' grade 3 or higher. To create a "surveillance mind set" in the radiologist,
we added an equal number of randomly chosen reports with BI-RADS™ grades 1 or
2. The radiologist was blinded to all patient data and was told only negative.
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Second, only one radiologist was used for the identification of possible false-negative
results. A panel of radiologists may have provided a higher degree of certainty.
Third, although a large number of examinations reduces the width of the CIs, repeated
examinations on the same women (as done in the analysis of the full cohort) increase
their width. It is, therefore, possible that the CIs of the full cohort are wider than
those cited; however, given the large difference in diagnostic accuracy (i.e., in the
AUCs), it is unlikely that the outcome would change.
Fourth, the number of breast cancers was low, which limited the analysis of
contributing factors other than the examination modality to the results.
Fifth, the cohort was constructed retrospectively; i.e., there was no control over the
type(s) of examination that each patient received. Selection bias may, therefore, have
contributed to the outcome and should be considered to be a study design limitation.
There are methods for correcting for selection bias, but it is difficult to identify
precisely which factors contributed to any selective referral. Although important
characteristics of those who received MRI and those who received mammography
were similar (see Table 1), there may still have been some selection bias because of
covariates that could not be analyzed.
Sixth, the examination results from different years on the same woman are correlated.
To account for the correlated nature of the data, we separately analyzed the reports
in which both mammography and MRI were done within a 4-month interval. In
this subset of women, only the last screening round was used, which eliminated the
contribution of selection bias to the difference in the AUG. There is a considerable
similarity between the ROC curves and AUCs of the entire cohort and those of the
subset who received both examinations, suggesting that the results from the two
groups are comparable. This similarity is also present in the AUCs generated from
data that were adjusted for age and risk category.
Breast cancer detection and diagnosis are dependent on the presentation of clinical
features of malignancy that can be identified by the imaging technique. If there are
no such features but a malignancy is present, there will be an unavoidable delay in the
time to diagnosis. We defined a false-negative result as one that caused an avoidable
delay in the breast cancer diagnosis. For example, a result was true negative if a lesion
was not mentioned in the original report and was also not detected during a review,
where histology and radiology findings were compared retrospectively. On the other
hand, if a lesion was missed prospectively but not retrospectively, the result was
false negative. In addition, if a lesion was occult on one modality but detected by
| 44
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the other modality, the negative result of the former modality was false negative. An
expert radiologist reviewed all examinations from the 2 years preceding a screeningdetected carcinoma for signs of tumor growth. Using these definitions of true and
false negative, we could incorporate results from a second imaging modality. Also, for
examinations that were not confirmed with histology, the follow-up time of at least 2
years made it unlikely that a malignant tumor would remain unnoticed in this study.
This is especially true for cancers in carriers of mutations in BR CA 1 or BRCA2, which
are believed to be of higher grade and faster growing than those in noncarriers44,45.
A potential problem with MRI is the relatively low predictive value of a positive result.
To minimize unnecessary invasive procedures, such as biopsy and lumpectomy, it is
important to consider the options if a suspicious lesion is found. Follow-up MRI after
3-6 months maybe feasible if the lesion is small (3-5 mm), especially if mammography
and ultrasound are both negative. If an ultrasound-guided biopsy is not possible,
MRI-guided localization or biopsy could be attempted before lumpectomy is done.
This may increase the chance of obtaining material that is satisfactory for diagnosis.
However, we should note that, in this study, the predictive value for a positive test for
mammography was even lower than that for MRI. There are also additional drawbacks
associated with breast MRI. For example, MRI uses an intravenous contrast agent, is
more expensive and time consuming than mammography, is affected considerably by
the patients menstrual cycle, and is problematic for claustrophobic patients because
of the narrow magnet bore. However, the gadolinium-based contrast agent is not
iodinated, and adverse reactions are extremely rare46. Also, if the MRI examination
is done around the second week of the menstrual cycle, hormone-induced glandular
enhancement is minimal47-49. Despite the drawbacks of MRI, one important advantage
of MRI, as shown by this study, is that it has increased sensitivity compared with
mammography. This observation agrees with reports that virtually all malignant
tumors show sufficient contrast enhancement for detection of MRI13; the exceptions
are well-differentiated DCIS and, to a much lesser extent, invasive lobular carcinoma,
which sometimes do not enhance very well50,51. Another advantage of MRI over
mammography is the absence of ionizing radiation with MRI. Because women with
a hereditary risk of breast cancer are also at an increased risk of radiation-induced
DNA damage52, MRI may decrease unnecessary exposure to ionizing radiation in
these women.
The objective of breast cancer surveillance is to detect malignant tumors that are
in as early a stage as possible, so that the patient has the highest chance of survival
after treatment. Such a strategy works for women in the general population aged 50
MRI and mammography in Women with a Hereditary Risk of Breast Cancer
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years and over53 and seems to benefit younger women with a family history of breast
cancer35. However, these observations were made in studies that used mammography
as the only imaging modality. We show that the overall sensitivity of breast MRI is
higher than that of mammography in a population of young women with a hereditary
risk of breast cancer. Our result confirms the recent work of Kuhl et al.14 and TilanusLinthorst et al.15. Therefore, patient survival may improve if these women were
imaged annually with breast MRI.
With the data from this study, it is not possible to predict which women will
benefit most from the higher sensitivity of MRI before a first mammographie
examination is done. Furthermore, a minimum lifetime risk of breast cancer or an
age at which mammography suffices cannot be given. However, if a large amount
of mammographically dense tissue is present, e.g., due to dysplasia, MRI in place
of mammography seems indicated. Because findings such as a palpable mass or
increased tissue density on the mammogram tend to initiate further imaging, the
subset of women who had both MRI and mammography had a disproportionate
number of tumors. Observations that are made from this select population clearly
cannot simply be generalized to the entire cohort of women with a hereditary risk
of breast cancer. However, the similarity of the ROC curves and AUCs between
those of the subset and those of the entire cohort strongly supports the validity of
the results. Nonetheless, prospective studies are needed to confirm these results, and
large multicenter studies comparing MRI and mammography are presently under
way in The Netherlands16 and in the U.K.54.
In conclusion, this retrospective study shows that annual screening with breast MRI is
more accurate than mammography in the early detection of malignant breast tumors
in women with a hereditary risk of breast cancer. This encouraging result needs to be
confirmed by larger prospective studies. However, until the results from such studies
are available, annual breast MRI should be seriously considered for young women
with a hereditary risk of breast cancer who opt for annual surveillance.
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In November 2001, a letter by Goffin et al. was published in the Journal of the National
Cancer Institute. This letter was answered in the same issue of the publication. The
letter is printed in this thesis using a grey font, our answer is printed normally.
John Gojfrn, Pierre O Chappuis, Nora Wong, William D Foulke*
In a recent report, Stoutjesdiik et al ' determined that the operating characteristics of magnetic resonance
imaging (MRI) were superior to mammography in a cohort of women, predominantly less than 50 years
of age, who were at high risk for breast cancer Similarly, other studies ha\e found that mammography
is a suboptimal screening method mBRCAl/2 mutation earners 2 ' and that MRI maybe superior'
We examined the sensitivity of mammography in a retrospective cohort of Ashkenazi Jewish women
who weie diagnosed with primary invasive breast cancel at age less than 65 years at one institution m
Montreal, Canada, between 1980 and 1995 and who were tested tor the three Ashkenazi Jewish founder
mutations in BRCA1/2 Details of the mammogram performed before suigery weie obtained by chart
review by two physicians who were blinded to the BRC AV2 status of the patients We used Fishers
exact test and the Mann-Whitney rank-sum test to assess the statistical sigmhcance of our results
Mammography reports were available for 161 patients Nineteen and four patients had mutations
in BRCAl or BRCA2, respectnel) BRCAÌ/2 mutation carriers (hereafter 'BRCA1/2 carriers") were
younger (median age, 45 8 years versus 54 3 vears, P=0 02) and had larger tumois at diagnosis (median
tumor size, 1 9 cm versus 1 4 cm, Ρ 05) than noncarners, but there was no difference in the median
interval between mammography and the surgical diagnosis of breast cancer between the two groups
(13 versus 11 days for BRCA1/2 carriers and noncarners, respectively, P=0 99) Suspicious lesions were
found in 15 (65 2%) of 23 of the BRCA1/2 carriers and in 119 (86 2%) of 138 of the noncarners (P=0 03)
We stratified the data by tumor size (<2 cm veisus >2 cm) oi age at diagnosis (<50 years versus >50
years) When BRCA1/2 earners were compared with noncarners, there was no statistically significant
difference in the number of detectable cancers if the cancers were greatei than 2 cm (P=0 65) or the
patients were greater than 50 years ot age (P=0 53) However, breast cancers less than or equal to 2 cm
in size occurring in BRCA1/2 carriers (median cancer size, 1 3 cm) were statistically significantly less
likely to be detectable than similar sized cancers in noncarners (median cancer size, 1 2 cm) (six [46%]
of 13 versus 96 [89%] of 108, P< 001) In women diagnosed at age 50 years or less with breast cancers less
than or equal to 2 cm in size, only two (25%) of eight breast cancers were detected in BR( Al mutation
carriers compared with 27 (77%) of 35 in noncarners (P =0 009)
Although it is uncertain why bieast cancers occurring in BRCA1/2 carriers were less detectable
by mammography than those occurring in noncarners, one hkel) explanation is that the smooth,
noninfiltrative edge of many BRCAl/2-ielated breast cancers" reduces then mammographie
detectabihty Of interest, in one study of symptomatic women who underwent mammography,
medullary breast cancers were cnerrepresented in the false negative group (5 5%) when compared with
the true-positive group (0 8%) Other possible explanations include a deficit of ductal carcinoma in
situ6 (which could be associated with less microcalcification surrounding BflCAi-related cancers) or
increased mammographie density2
Recommendations regarding the use of mammography in BRCA1/2 carriers ha\e not been based on
clinical studies Our data support the emerging evidence (1-5) that mammography is insensitive in
detecting invasive breast cancer in BRCA1/2 carriers Hirthermore, such data suggest that, lor BRCA1/2
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carriers, alternative forms ot eaily detection and an increased locus on prevention aie likely to be more
beneficial than a reliance on mammography as an early diagnotic tool
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RESPONSE
Mark f. Stoutjesdijk, Carla Boetes, felle O. Barentsz
We thank Dr. Goffin et al. for their contribution. Their work and several recent
studies1'4 strongly suggest that mammography is not the best modality to screen
BRCA1/2 carriers and other women with an increased hereditary risk of breast
cancer. Although this may be so, screening by means of magnetic resonance imaging
(MRI) still has to prove its merit in prospective multi-center studies. Furthermore,
no direct link between MRI screening and decreased risk of dying of breast cancer
has been made.
Regarding Goffin et als suggested reasons for the decreased mammographie
sensitivity in BRCA1/2 carriers, we would like to make two comments. First,
parenchymal density is usually higher for BRCA1/2 carriers than for noncarriers
in a regular screening program, who are mostly age 50 years and older. We agree
with Goffin et al. that this may be part of the reason why mammography performs
rather badly on BRCA1/2 carriers. Second, we would also like to point out that in
our study2 malignancies were missed, even on mammograms of women with low or
normal parenchymal density. Low mammographie density does not equal adequate
sensitivity.
The sensitivity of MRI of the breast may be reduced for invasive lobular carcinoma
and well-differentiated ductal carcinoma in situ. However, invasive lobular carcinoma
is probably even more difficult to detect by mammography, and, therefore, MRI may
still be the best option5. Ductal carcinoma in situ without an invasive component
is probably found less frequently in BRCA1/2 carriers than in noncarriers, perhaps
because of fast progression to invasive ductal carcinoma. In light of the suspected
susceptibility to radiation-induced breast cancer in BRCA1/2 carriers, and if a
considerable underrepresentation of well-differentiated ductal carcinoma in situ
in screening examinations can be confirmed, screening by mammography should
probably be replaced with screening by MRI for these women.
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Abstract
Rationale and Objective: The objective of this study was to evaluate the interobserver
variability in reporting descriptive kinetic and morphologic enhancement features at
breast magnetic resonance imaging.
Materials and Methods: Four observers evaluated 103 lesions, 49 malignant and
54 benign, proven by histopathology. They used standardized terminology with
the following characteristics: "early enhancement kinetics" and "late enhancement
kinetics" in curves from both reader-determined and preset regions of interest
(ROIs), "enhancement pattern," "shape," "margin," "internal enhancement," and a
final assessment score. Agreement was calculated using the κ statistic. Differences in
agreement were calculated using Fisher exact test.
Results: κ was 0.27 for both early and late enhancement; preset ROIs improved this to
0.47 and 0.67, respectively (odds ratios, 1.7 and 4.5). κ was 0.45 for pattern, 0.42 for
shape, 0.26 for margin, 0.25 for internal enhancement, and 0.28 for final assessment.
Conclusions: There was considerable variability in the use of most generally accepted
terms. The preparation of ROIs was a major source of variability in the interpretation
of enhancement curves.
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C

ONTRAST-ENHANCED MAGNETIC RESONANCE IMAGING ( M R I )
of the breast has been performed for well over a decade now,1 and its use is
steadily becoming more common. There are several well-established indications
for this type of breast examination such as the determination of tumor extent
and finding an unknown primary tumor in a patient with axillary lymph node
metastases.2,3 Additionally, there is mounting evidence that breast MRI may be the
screening modality of choice for women with an increased hereditary risk of breast
cancer.4-7 A potential problem with the increased application of breast MRI is its
relatively low specificity and positive predictive value (PPV).4·8-10 In general, MRI has
high sensitivity for invasive malignancy,1112 but there are many benign conditions
that also cause marked contrast enhancement. This may lead to large numbers of
negative biopsies. Several interpretation guidelines and models have been published
recently to address this issue.13-16
The interpretation guidelines offer various characteristics of benign and malignant
lesions, which can help the radiologist in the assessment of a breast MRI lesion,
whereas the models provide a decision tree to assist in determining whether the lesion
is malignant. The guidelines as well as the models are based on the description of the
breast lesions. The description is done in a systematic way, and a standardized breast
MRI lexicon has been developed.17-19 In this lexicon, lesion features such as shape,
margin, and contrast enhancement characteristics are recorded using a predefined
set of options. For example, a lesion margin may be described as sharp, vague,
lobulated, or spiculated. Encouraging improvements in diagnostic accuracy have
been reported when standardized descriptions are used.14·16 However, the variability
between radiologists when they describe the dynamic properties of the lesions has not
yet received sufficient attention. In our practice, we noted that even the presence of
washout is not always easy to agree on, and we hypothesized that there is considerable
observer variability in the description of the contrast enhancement characteristics of
breast MRI lesions, and that this is partly the result of variation in the selection of
a region of interest. We therefore conducted an interobserver agreement study with
special attention to contrast enhancement characteristics.

Variability in the Description of Breast MRI Lesions
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Materials and Methods
Lesion Dataset
The dataset in this study was obtained from 1745 consecutive anonymized breast
MRI examinations performed in our center from June 1997 through March 2001. For
all included studies, histopathologic confirmation of the MRI findings was required
to be available (core biopsy, excision biopsy, lumpectomy, or mastectomy within 2
months after the MRI examination), and the lesions were required to be focal masses
or show linear branching or segmental enhancement. Using these criteria, 133
studies were found, but of these, 28 had incomplete or faulty digital data, and 9 had
excessive motion artifacts. The final dataset contained 49 (48%) malignant and 54
(52%) benign lesions with a largest diameter of 3 to 120 mm (mean, 12 mm) and 3
to 100 mm (mean, 23 mm), respectively. The lesions were found in 96 examinations,
performed on 93 women of 23 to 83 years old (mean age, 47.3 years). The primary
histologic types of the lesions are listed in Table 1. Very small lesions were not treated
differently from larger ones in this study; we aimed for a representation of typical
clinical cases and small lesions form an integral part of these. However, a subset of
lesions 10 mm or greater (60 lesions, mean diameter 25 mm) was created to evaluate
the effect of leaving out very small lesions. The included MRI studies were partly
performed within ongoing prospective studies for which written informed consent
had been obtained from all participants, and partly to exclude multifocal disease in
normal clinical practice for which institutional and national ethical review boards
do not require written informed consent. A waiver for separate informed consent for
this retrospective study was obtained from the Institutional Review Board.

Imaging Protocol
The MRI examinations were carried out on a 1.5-T system (Magnetom Vision;
Siemens, Erlangen, Germany) with a bilateral dedicated breast coil (CP Breast Array;
Siemens) and running Numaris 3 VB 33G. MRI examinations for all premenopausal
patients were done in the second week of the menstrual cycle to minimize glandular
tissue enhancement.20 We used a dynamic contrast-enhanced FLASH-3D sequence
with a 256 χ 256 matrix. Thefieldof view (FOV) was typically set at 320 mm; rarely,
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Malignant Lesions

No. (%)

IDC*

32

ILC*

9 17

Hyperplasia"

Q16

DCIS*

4 (8.2)

Fibrosis

5 (9.3)

Tubular Carcinoma

1 (2.0)

Adenosis

2(3.7)

Mucinous Carciboma

1 (2.0)

Sclerosis

2(3.7)

Non-Hodgkin Lymfoma

1 (2.0)

Lymph Node, Inflamed

2 (3.7)

Apocrine Carcinoma

1 (2.0)

Total
*
t
Φ
α
§
f

65

49(100)

Benign Lesions
Flbroadenoma

,

No. (%)
29«

LCIS'

1(19)

Ductectasia

1(1.9)

Abcess

1(1.9)

Hemartoma

1(1.9)

Radial Scar

1 (1.9)

Fibrocystic Change

1 (1.9)

Total

54(100)

Invasive ductal carcinoma, including possible in situ carcinoma
Includes 1 juvenile fibroadenoma and 1 mixoid fibroadenoma
Invasive lobular carcinoma, including possible in situ carcinoma
Lobular or ductal
Ductal carcinoma in situ
Lobular carcinoma in situ

Table 1: Primary histologic diagnosis of the included lesions.

a larger FOV was used, with a maximum of 350 mm. The resulting voxel size was 1.2
χ 1.2 χ 2.67 mm. The repetition time (TR) was 8.1 ms, the echo time (TE) was 4 ms,
and the flip angle (a) was 20°.
Both breasts were fully imaged at all times, using 48 slices per series with no
overlap or intersection gap. After the first series of images, a 0.2-mmol/kg bolus
injection of gadolinium DTPA contrast agent (Magnevist; Schering, Berlin) was
given intravenously using a power injector (Powerinjector; Medrad, Pittsburgh, PA)
followed by a saline flush. Immediately thereafter, 5 consecutive postcontrast series
were obtained. The scanning orientation was axial, and the acquisition time for each
series was 80 seconds. In November 1999, the imaging protocol changed to a coronal
scanning orientation to reduce artifacts in the axillary region. TR, TE, and α were
not changed. The new acquisition time for each series of 108 slices was 87 seconds.
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The voxel size for this modified protocol was 1.2 χ 1.2 χ 1.4 mm. No fat saturation
sequences were used in either protocol, because subtraction series were available.

Image Interpretation
Four readers from our center, consisting of 2 radiologists (A and B) and 2 residents
(C and D), participated in this study. Each of the readers was familiar with the
current terminology in the description of MRI lesions.21-24 Readers A and Β had
extensive experience in the interpretation of breast MRI studies (7 and 10 years, with
approximately 2500 and 7000 studies total) and mammography (10 and 15 years,
with approximately 50,000 and 70,000 studies total). Residents C and D had limited
experience, mainly in an MRI research setting (first and second year of residency,
both an additional year of breast MRI research, approximately 100 and 200 cases).
Because this study was aimed at evaluating the agreement on lesion description, the
readers were blinded to all information besides the MRI images. Our retrospectively
collected case set contained only lesions with histopathologic follow up; inevitably,
the readers knew that the case set contained a much higher fraction of malignant
lesions than what can be expected in daily practice.
Image interpretation was done on a high-end PC workstation running MT-Jade
(MeVis Technology, Bremen, Germany), which offered subtraction imaging,
maximum intensity projections (MIPs), orthogonal reconstructions in axial, sagittal,
and coronal viewing directions, enhancement parameter overlays, and contrast
enhancement curve plotting using a region of interest (ROI). The color-coded
overlays could be used as an aid to quickly find suspicious areas in the lesions. Red
was used for more than 100% relative enhancement, blue for less than 100%. Three
levels of color saturation gave an indication of the late-phase enhancement: bright for
washout, average for plateau, and faint for continuous enhancement. Additionally, the
software offered real-time display of the enhancement curve while moving the cursor
over the lesion. All lesions were localized by consensus between 2 readers (A and
D). All readers then independently described the previously localized lesions once
using a lexicon that was based on early and late contrast enhancement characteristics,
as well as enhancement pattern, enhancement shape, margin characteristics, and
1416 17
internal enhancement. · Table 2 shows the options from which the readers could
choose for each lesion feature. All 6 lesion features were described for all lesions,
including those described as linear (branching) and segmental. For the two contrast
enhancement features, each reader had to draw an ROI before describing the resulting
3
enhancement curve. The ROIs had a minimum volume of 10 mm (4 or 5 pixels in
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scan plane, depending on the protocol) and represented what the readers found to
be the most suspicious part of the lesion: fastest contrast enhancement and strongest
washout, if present. This methodology introduces two factors leading to variability in
the description of the enhancement characteristics, namely the ROI placement and
the interpretation of the resultant curve. We suspected a large contribution from the
first factor and therefore also examined observer variability on the descriptmon of
predefined enhancement curves. One reader (D) generated a curve for each lesion
using the ROI methodology described previously. These curves were then presented
to the 4 readers without any other information about the lesions. This part of the
experiment was carried out 6 months after the initial reading sessions.
In the initial reading session, the overall degree of suspicion was recorded using a
4-point scale based on the Breast Imaging Reporting and Data System (BI-RADS™)25
classification of mammography (1: no abnormality, therefore not used in this study;
2: benign; 3: probably benign; 4: suspicious abnormality; 5: highly suggestive of
malignancy). This score represented the readers' overall impression and was not
reached by using an interpretation model.

Lesion Feature

Terms

Enhancement Pattern

Linear, Linear Branching, Segmental, Focal Mass

Enhancement Shape

Round/Oval, Lobulated, Irregular, Stellate

Margin

Sharp, Vague, Lobulated, Spiculated

Internal Enhancement

Homogeneous, Heterogeneous, Edge Enhancement,
Enhancing Septations, Non-enhancing Septations

Early Enhancement Characteristics

Slow, Medium, Fast

Late Enhancement Characteristics

Washout, Plateau, Continuous

Table 2: Terminology used in this study

Statistical Methods
The overall interobserver agreement was calculated for each feature using the
27
kappa (κ) statistic according to Fleiss. Intraobserver agreement was not analyzed
in this study. The agreement on each individual term (eg, "vague margin") was
also determined using the κ statistic. For the description of the relative strength
of variability associated with the various values of κ, we used the nomenclature by
Variability in the Description of Breast MRI Lesions
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Landis and Koch28: slight agreement for 0 < κ < 0.20, fair agreement for 0.20 < κ <
0.40, moderate agreement for 0.40 < κ < 0.60, substantial agreement for 0.60 < κ <
0.80, and almost perfect agreement for 0.80 < κ < 1.0.
We also evaluated whether very small lesions strongly influenced the overall
agreement. This was done by determining all κ statistics for a subset of the data,
which included only lesions with a maximum diameter of 10 mm or greater.
To determine whether a statistically significant difference was present between the
reproducibility of 2 lesion features, we defined "reproducible" as the case in which at
least 3 of the 4 readers chose the same term for a feature. We then calculated the odds
ratio of the reproducibility of one feature versus the other one using SAS system 8.0
(SAS Institute Inc., Gary, NC).
We evaluated whether one of the participants showed a significantly lower overall
agreement on lesion management than the others. This was done by setting the cutoff
point for malignancy between BI-RADS"" categories 3 and 4, as well as between BIRADS™ categories 2 and 3. The number of times that each reader was in agreement
with at least 2 other readers was then determined. We then calculated whether one
of the participants showed a deviation from the mean of at least twice the standard
deviation (SD) for both cutoff points.
Additionally, we calculated for each reader the sensitivity and specificity to obtain
an indication of their diagnostic accuracy on this dataset. An overall measure of
diagnostic accuracy was obtained by calculating the area under the receiver operator
characteristic (ROC) curve of the assigned BI-RADS™ category of each lesion (Az).
29
A was calculated from the estimated binormal ROC curve that best fit the data. The
7

ROC analysis was performed using the ROCKIT package, version 0.9 (C. E. Metz,
University of Chicago).
The terminology and any difficulty in applying it was discussed among the 4
observers after the reading sessions. If a term proved confusing, we determined
whether the observers tended to characterize the lesion with one specific alternative
to the confusing term. This was done by taking all cases in which 3 readers agreed
on a lesion feature term, and then using Fisher exact test to determine whether one
alternative term was used significantly more often than the other alternatives.
We tested for a significant effect of experience on overall reproducibility using Fisher
exact test, comparing the agreement among the two radiologists and among the two
residents.
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Interobserver
Agreement

Interobserver
Agreement (10
mm or greater)

Overall Agreement

0 45

0 41

Linear

0 59

0 49

Linear Branching

0 16

0 15

Segmental

0 44

0 40

Focal Mass

0 46

0 44

Lesion Characteristic

Stoutjesdijk

Pattern

Shape
Overall Agreement

0 42

0 46

Round/Oval

0 51

0 57

Lobulated

0 21

0 24

Irregular

0 43

0 49

Stellate

0 08

0 09

Overall Agreement

0 26

0 26

Sharp

0 33

0 33

Vague

0 09

0 11

Scalloped

0 14

0 01

Spiculated

0 49

0 44

Overall Agreement

0 25

0 19

Homogenous

0 27

0 13

Heterogeneous

0 16

0 12

Thick Edge Enhancement

0 44

0 41

Thin Edge Enhancement

0 12

0'

Non enhancing Septations

0 28

0 27

Enhancing Septations

n/a

n/a

Margin

Internal Enhancement

Term was used only once in this subset

Table 3: Interobserver agreement on Lesion Feature Terms. The overall agreement for each feature
is given in italics (continued on next page)
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Early Enhancement
Overall Agreement

0. 27 (0.471)

0. 31 (OAT)

Slow

0. 31 (0.55')

0. 38 (0.50')

Medium

0.12 (0.32')

0. 15 (0.38')

Fast

0. 37 (0.57*)

0. 39 (0.55')

Overall Agreement

0.27 (0.6Τ)

0.30 (0.7V)

Continuous

0.27 (0.47')

0.35 (0.50')

Plateau

0.14 (0.6Γ)

0.15(0.64')

Washout

0.41 (0.85')

0.43 (0.89')

Overall agreement

0.28

0.29

2

0.39

0.61

Late Enhancement

BI-RADS"

3

0.22

0.27

4

0.20

0.15

5

0.37

0.28

t

Curve interpretation only (predefined region of interest).

Table 3 (continued): Interobserver agreement on Lesion Feature Terms. The overall agreement for
each feature is given in italics.

All tests for statistical significance were 2-sided.
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Results
Variability in the Description of Morphology and Enhancement
The κ scores for overall agreement on each feature, as well as for agreement on the
individual terms, are given in Table 3. The lower the κ score, the higher the variability.
If only lesions of 10 mm or larger were evaluated, overall agreement changed only
slightly. These values are also given in Table 3. During postreading discussion, two
readers mentioned that a "lobulated" shape was sometimes hard to discern from an
"irregular" shape. The term "irregular" was indeed the most common alternative to
"lobulated," but the difference with the other choices was not statistically significant
(P = 0.20).
There was a much better reproducibility in the description of late contrast
enhancement from the prepared enhancement curves than from the curves from the
individually drawn ROIs (odds ratio, 4.5; 95% confidence interval [95% CI], 2.0-10).
The same was found for the description of early contrast enhancement, although this
difference was not statistically significant (odds ratio, 1.7; 95% CI, 0.90-3.3).

Agreement on Final Assessment and Management
The overall agreement on the individual BI-RADS™ scores was fair (κ = 0.28). An
important difference in the workup of a suspicious lesion is whether it is (probably)
benign, ie, BIRADS 2 or 3, or (probably) malignant, ie, BIRADS 4 and 5. All 4 observers
were in agreement on this in 61 of 102 cases (60%) with κ = 0.56 (moderate).
For a cutoff for malignancy at BI-RADS™ 3 (categories 3 to 5 considered malignant),
the agreement of each reader with at least 2 others ranged from 65 to 72 times (mean,
68; SD, 2.9). For a cutoff at BI-RADS™ 4 (categories 4 and 5 considered malignant),
the readers were in agreement with at least 2 others 69 to 76 times (mean, 72.8; SD,
3.0). There was no significant difference from the mean for any of the readers for both
cutoff points.

Sensitivity and Specificity
Table 4 shows the area under the ROC curve for the 4 readers, as well as the sensitivity
and specificity at a cutoff point of BI-RADS™" 2 and 3 versus BI-RADS"* 4 and 5.
Variability in the Description of Breast MRI Lesions
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There was no significant difference in area under the curve, sensitivity, or specificity
between any of the readers.

Effects of Reader Experience on Variability
The radiologists (A and B) were in mutual agreement for 60% of all lesion feature
descriptions (a total of 824 observations, including those from the interpretation of
the predefined enhancement curves). The residents (C and D) agreed more often,
at 66%. The odds ratio of resident agreement versus radiologist agreement was 1.67
(95% CI, 1.27-2.20). The difference was statistically significant (P = 0.0002).

Reader

V

Sensitivity'
[%]

Specificity*
[%]

A

0.89 (0.83 • 0.95) 92(80 - 98)

67 (53 - 70)

Β

0.84 (0.76 -92)

86 (73 - 94)

76 (62 - 87)

C

0.88 (0.82 • 0.95) 94(83 - 99)

74 (60 - 85)

D

0.85 (0.77 ·• 0.92) 90 (78 - 97)

70 (56 - 82)

*
t
Φ

Area under the receiver operator characteristic (ROC) curve, with 95% confidence interval
Sensitivity with 95% confidence interval. Cutoff point between BI-RADS™ 3 and 4.
Specificity with 95% confidence interval. Cutoff point between BI-RADS™ 3 and 4.

Table 4: Markers of diagnostic performance of the individual readers.
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Discussion
On both early and late enhancement characteristics, the observer agreement was
only fair. Even if the analysis of the contrast enhancement curves were reduced to
indicating the presence of "fast" enhancement and "washout," the agreement was
fair to moderate. The finding of "washout" in particular is generally regarded to be
quite reproducible, although this had not yet been adequately supported by a welldesigned study. We found a much better reproducibility if the readers were only shown
enhancement curves, all of those prepared by the same reader. This indicated that not
the interpretation of the curve, but instead the selection of the voxels is the major
source of variation in the interpretation of the contrast enhancement characteristics
of breast MRI lesions. The size and location of the ROI have been shown to be very
important in the proper assessment of the dynamic tumor behavior.30 "32 When the
readers in our study determined their own ROIs, none showed significantly more
variability than the others in the description of contrast enhancement. However,
discussion after the reading sessions showed that some readers used all three
orthogonal reconstructions to find a suitable ROI, whereas others used the axial
plane only. Thus, the determination of the ROI in which to evaluate a lesions contrast
enhancement characteristics needs to be standardized beyond the method used in
this study. An automated approach could be helpful here,31 but it should be kept in
mind that improved reproducibility by itself does not necessarily increase diagnostic
accuracy. In fact, perfect agreement on a feature of little inherent value would be
of no consequence. On the other hand, poor agreement on a lesion characteristic
inevitably leads to reduced average predictive values.
Our study also included an analysis of the interobserver agreement on the architectural
features and final analysis. This made it possible to determine if the dataset was
generally comparable to those used in similar studies.'418,33 Our findings regarding
dynamic behavior could thus have a frame of reference. The agreement on final
assessment was fair, a finding very similar to Ikeda et al.18 The agreement on shape
was generally comparable to these earlier studies. We found only slight agreement on
a "lobulated" shape, less than in some other studies.18,33 This was probably because
the readers in our study could analyze the entire lesion in three dimensions instead
of a single slice. This may have caused more uncertainty on shape and thus to more
irregularly shaped lesions in lieu of the lobulated ones. The categories "margin" and
"internal enhancement" appeared much more difficult to agree on than pattern
and shape, more so than the earlier studies indicated. The term "vague" margin
showed almost no agreement, although it was frequently used. The opportunity to
Variability in the Description of Breast MRI Lesions
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analyze the lesions in three dimensions may have played a role here, too, but each
readers individual definition of "vague" is a factor as well. Because this latter issue
is extremely hard to address, especially with the limited spatial resolution of MRI
compared with mammography, a term like "vague margin" should probably not be
included in a breast MRI lexicon until spatial resolution is drastically improved. A
"scalloped" margin was infrequently used and proved particularly confusing. This
study was carried out by nonnative English-speakers, and although the evaluation
forms used terms in the native language, the subtle difference between "scalloped"
and "lobulated" may have contributed to the low agreement on these terms. As a
result of the infrequent use, and the low agreement, we suggest removal of the term
"scalloped" from future lexicons. Readers also had problems differentiating between
"stellate" and "spiculated." These findings support the suggestion by Ikeda et al18 to
simplify the lexicon and combine the description of margin and shape. However,
margin and shape are both valuable components in the analysis of breast lesions, and
an alternative way of simplifying the lexicon would be to reduce the number of terms
for margin and shape. This approach has been adopted by the first edition of the MRI
BI-RADS™ 26 in which margin is described as smooth, irregular or spiculated, and
shape is described as round, oval, lobulated, or irregular. To evaluate the effects of this
condensation of the lexicon, a new observer agreement study is needed.
A subset analysis was performed of all lesions measuring 10 mm or greater, and the
results were generally comparable to the full dataset. The only exception to this was
the final assessment of a lesion as benign (BI-RADS™ 2), which showed considerably
higher agreement in the subset of larger lesions. We hypothesize that this is because
the larger lesions allowed a more confident interpretation as benign and thus not
needing any follow up or workup. It should be noted that especially smaller lesions,
visible only by MRI, can pose a diagnostic challenge even though MRI compatible
biopsy and localization methods are steadily becoming available and more
practical.34"36
An earlier study30 compared the agreement between a newly trained reader and 2
experienced readers and found a substantial difference. We found that the 2 residents
in our study were in agreement more often than the radiologists. Newly trained
readers were probably more analytical in their approach, and more reluctant to let
the overall impression of a lesion influence their descriptions (ie, the "Aunt Minnie
effect" played a lesser role for the residents).
The results of this study indicate that some breast MRI literature conclusions may
not be fully reproducible using current methods of analysis, making comparisons
| 72

Investigative Radiology, Vol. 40, No. 6, June 2005

Automated Analysis of Contrast Enhancement in Breast MRI

Stoutjesdijk

among studies problematic. It is also a particularly important issue in the application
of interpretation models and guidelines. However, although there was substantial
variability in the description of the lesions, the sensitivity, specificity, and overall
diagnostic accuracy did not show significant differences and were comparable to
values found in literature.37 This latter finding might indicate that readers used more
information than the sum of the individual predictive lesion characteristics. In other
words, the lexicon in this study may not have contained all features necessary to
capture the radiologists' sense of the lesions.
Although observer agreement is one aspect of the description of breast lesions on
MRI, the most important question is how well the individual lesion characteristics
predict or rule out malignancy. Unfortunately, the answer cannot be given in this
study as a result of the limited number of cases. Some characteristics were rarely used,
leading to unacceptable statistical uncertainty. Also, there is an obvious relationship
between observer agreement and diagnostic performance; the lower the observer
agreement on a finding, the lower the average diagnostic performance.
Several earlier studies provide an indication of the predictive values of individual
lesion characteristics,1416,38 but a larger study that covers each lesion characteristic
with sufficient statistical power certainly seems justified. The imaging protocol
can have a profound effect on the observer agreement. For example, lower spatial
resolution would probably cause decreased agreement on terminology such as
spiculated versus irregular versus lobulated. Lesion margins become progressively
more vague as resolution drops. In general, very small lesions therefore tend to result
in increased observer variability. Furthermore, slower acquisition times would result
in an enhancement curve that is increasingly shaped by systemic pharmacokinetics
such as blood pooling,39 which conceivably results in reduced observer agreement on
late-phase enhancement kinetics. The current study used an imaging protocol with
a moderate spatial resolution and series acquisition times of 80s and 87s. State-ofthe-art methods typically use higher spatial resolution as well as faster acquisitions,
but many centers may not have such protocols available, and this study was aimed at
estimating the observer agreement in the typical clinical practice. The contrast agent
used in this study, gadolinium DTPA, exhibits rapid distribution to extracellular
space in the case of most breast tumors, both malignant and benign. Although the
analysis of the tumor enhancement pattern offers some guidance in the differentiation
between malignant and benign tumors, there is still considerable overlap between
the two types. Newer compounds such as ultra-small superparamagnetic iron oxide
(USPIO) macromolecular agents may offer increased lesion characterization.40
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Several other limitations of this study should be noted. First, the results may be biased
as a result of the fact that categories of description are not independent; the overall
impression of a lesion may influence the description of the lesion features. Readers
may describe the internal enhancement pattern of a spiculated lesion more readily
as heterogeneous than as homogenous, when in doubt between the two. It is also
highly likely that the observer agreement regarding the kinetic behavior of lesions
was reduced as a result of the current need for an evidence-based standardization in
the determination of the ROI. Lacking such standardization, we used the guidelines
described earlier. Another source of bias may be that all readers were trained in
the same department, which could have led to an overestimation of the observer
agreement. Furthermore, the kappa statistic assumes independent measurements,
which in this study was obviously not the case because the readers all described the
same 103 lesions. Finally, the composition of the case collection in this study was a
source of bias. For example, the readers were aware of the fact that the case sample
contained a high fraction of suspicious lesions, and the increased a-priori chance of
a malignancy may have influenced the readers when they were not certain on how to
describe a lesion. Very small lesions, likely to result in reduced observer agreement
as described previously, were not removed from our dataset because these would
be an integral part of the size range emcountered in daily practice. The data also
contained a high percentage of masses, which was caused by the underrepresentation
of histopathologic follow up for other lesion types. Masses are probably not the most
difficult type of MRI lesion to describe, so the variability may actually be higher. In
the lexicon used in our study, findings such as nonfocal enhancement or abnormal
enhancement of the nipple found in patients with Paget disease41 were not covered.
This study showed considerable variability among breast MRI readers at our
institution when they describe identical lesions from an enriched dataset of
histologically proven lesions. It was found that the selection of a ROI for analysis of
enhancement characteristics was a major source of variability in the description of
dynamic behavior. The lesion evaluation technique needs to be further standardized
to increase reproducibility of the description.
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Abstract
Purpose: To evaluate a new method for automated determination of a region of
interest (ROI) for the analysis of contrast enhancement in breast MRI.
Materials and Methods: Mean shift multidimensional clustering (MS-MDC) was
employed to divide 92 lesions into several spatially contiguous clusters each, based
on multiple enhancement parameters. The ROIs were denned as the clusters with the
highest probability of malignancy. The performance of enhancement analysis within
these ROIs was estimated using the area under the receiver operator characteristic
curve (AUG), and compared against a radiologists final assessment and a classifier
using histogram analysis (HA). For HA, the first, second, and third quartiles were
evaluated.
Results: MS-MDC resulted in AUG = 0.88 with a 95% confidence interval (CI) of
0.81-0.95. The AUG for the radiologist's assessment was 0.93 (95%CI = 0.87-0.97).
Best HA performance was found using the first quartile, with AUG 0.79 (95%CI =
0.69-0.88). There was no significant difference between MS-MDC and the radiologist
(P = 0.40). The improvement of MS-MDC over HA was significant (P = 0.018).
Conclusion: Mean shift clustering followed by automated selection of the most
suspicious cluster resulted in accurate ROIs in breast MRI lesions.
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YNAMIC CONTRAST ENHANCED MRI (DCEMRI) of the

breast is a sensitive technique to detect breast lesions, but its specificity is still
limited. DCEMRI makes it possible to evaluate the architectural features of a breast
lesion in several orientations, and also enables the radiologist to analyze the dynamic
contrast enhancement characteristics of the lesion. Both aspects of breast MRI lesions
are important to obtain optimal diagnostic accuracy1. For the evaluation of contrast
enhancement kinetics, it is essential to find a representative area within the tumor.
A lesion averaged approach has been shown to be inferior to manually selecting a
smaller region of interest (ROI) " , although there is no consensus on the optimal
location and size of this ROI. A generally accepted way to determine a good ROI is to
take a reasonably sized section of the lesion that captures the most malignant aspects
of the lesion, usually defined by the fastest and most intense contrast enhancement
pattern4·5. Unfortunately, there is no good definition of either "reasonably sized"
or "most malignant contrast dynamics." This leads to substantial variability in the
assessment of contrast enhancement dynamics6-8, an issue that will become even
more important when contrast enhancement analysis includes the evaluation of
several parameter maps. The most suspicious area in a particular parameter image
may not be the most suspicious in another parameter image.
It seems, therefore, that both the current way of evaluating contrast enhancement,
as well as anticipated future methods (including parameter map analysis), would
benefit from a standardized method of determining the ROI that incorporates all
available parameters.
As far as we know, there is currently no published method for automated identification
of a spatially contiguous ROI. We propose mean shift segmentation as an automated
method to divide a breast MRI lesion into several spatially contiguous clusters of
similar enhancement characteristics. With a new, iterative classification technique,
it is possible to identify the most suspicious cluster, which then represents the
lesions ROI. Such an ROI could be displayed on a work station, perhaps together
with its enhancement/time curve, or it could be used in a computer aided diagnosis
(CAD) setting in the automated evaluation of contrast enhancement characteristics.
Mean shift clustering is well suited for segmentation tasks where spatial contiguity
is required, such as the segmentation of objects in color images9. Clustering based
on mean shift does not require training. Further, the number of resulting clusters is
not set a-priori, unlike other segmentation techniques such as k-means and fuzzy
c-means. Iterative self-organizing data analysis (ISODATA) does allow adjustment of
the number of clusters, but there are about six parameters that need to be set.
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To find the most suspicious cluster, a classifier is needed. The classifier needs
training with examples of the most suspicious clusters, but these are yet unknown.
It is, therefore, not straightforward to automatically determine the most suspicious
cluster in a lesion. We describe a new iterative training algorithm that addresses this
challenge.
The goal of this study was to determine whether CAD based on the enhancement
characteristics within the ROIs found by our method has a diagnostic performance
similar to an experienced radiologist's assessment, and also to compare it to an
alternative automated method to find the most suspicious voxels in a lesion.
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Materials and Methods
Data Acquisition
PATIENT POPULATION A N D MRI SCANNING

PROTOCOL

The MRI data for this study was obtained retrospectively from 481 consecutive MRI
studies, performed from October 2003 to July 2005. From these 481 MRI examinations,
the data set for this study was obtained using the following inclusion criteria: first,
an enhancing lesion had to be present; second, histological correlation or follow-up
by MRI with an interval of at least two years was available; and third, there were no
tech- nical problems or patient mobility artifacts during the examination reducing
the quality of the data or the number of obtained series. No lesion was included twice,
but different lesions in the same patient were allowed. Using these criteria, 92 lesions
from 92 studies performed on 87 women were included.
Each study was performed using the same protocol, in the second week of the menstrual
cycle, to minimize contrast enhancement of glandular tissue 10 . The protocol consisted
of one precontrast Tl-weighted fast low-angle shot three-dimensional (FLASH-3D)
series, with echo time (TE) = 4 msec, repetition time (TR) = 7.8 msec, 120 slices,
and flip angle α = 20°. The field of view (FOV) = 340 mm, voxel size = 1.3 x 1.3 χ
1.3 mm, and there was no interslice gap. To avoid artifacts from heartbeat, scanning
was done in the coronal plane. After this initial series, 0.2 mmol/kg body weight
of gadopentetate dimeglumine contrast agent (Dotarem, Guerbet; The Netherlands)
was injected using a power injector (Powerinjector ; MedRad, Pittsburgh, PA, USA)
followed by a saline flush. At 90 seconds after contrast injection, four consecutive
postcontrast measurements were obtained using the same protocol. No T2-weighted
series were acquired.
FEATURE D E F I N I T I O N S

In our experiments, we used two commonly used enhancement parameters as
features, namely, relative enhancement and washout. The presence of strong initial
4
enhancement and fast washout are considered suggestive for malignancy . Both
parameters were obtained from the dynamic three-dimensional (3D) volumes,
acquired as described in the previous section. We define V as the collection of all
voxels from all lesions in our data set. Relative enhancement RE(v,t) in voxel ν e Vat
time point t is defined as follows:
Automated Analysis of Contrast Enhancement in Breast MRI Using MSC
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SI(v,t0)
where SI(v,f) denotes the signal intensity of voxel ν at time point f, and SI(v,f0)
the signal intensity at t = t0, before administration of contrast. We used ΚΕ(ν,ί;) as
feature value for relative enhancement, with tI the relative enhancement at the first
postcontrast time point t = t;. The feature was then normalized as follows:

σ

κΕ(ΐη

where nUL.„,, and oDC„,. are the mean and standard deviation of RE(v,tJ over all ν e
'K-h(il)

Kb(tlJ

1

V, respectively. Furthermore, washout in a given voxel ν is defined by the slope of
the straight line that best fits all postcontrast relative enhancement values. This slope
is determined using linear regression", i.e., by minimizing the chi-squared merit
function χ2(α,έ») of the fit to the line RE(v,t) = a + bt through Ν postcontrast time
points ί = ί 1 ...ί Ν :

X2(a,b) = 2,
7=1 V

σ

Α

/

where σ is defined as the standard deviation of RE(t). The washout of voxel ν is then
defined as Wash(v) = -b. The normalized feature Washn{v) is then obtained similar to
the normalized relative enhancement.
LESION DELINEATION

An operator first identified a voxel within the tumor. The lesion was then delineated
using a standard connected threshold operation on the relative enhancement feature
(using t = ί ; ). This resulted in a contiguous region, including the identified voxel,
with a relative enhancement above a certain value. An empirically determined
default threshold of 120% enhancement was employed. If a lesion showed only faint
enhancement, this threshold could be too high for a complete delineation of the
tumor, and if a lesion was adjacent to another strongly enhancing structure (e.g., a
blood vessel), the use of the standard level could result in inclusion of this structure.
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Therefore, the operator could adjust the threshold level if the delineation results were
not satisfactory.
M E A N SHIFT CLUSTERING

Mean shift clustering is a nonparametric, multivariate method used to find areas of
similar enhancement behavior (clusters) within a tumor. A summary of the mean
shift algorithm as it applies to our method is given in Appendix A; a more generalized
and formal discussion can be found in Fukunaga and Hostetler12, Cheng13, and
Comaniciu et al9.
The end result of the clustering step is that each voxel of the lesion has been
assigned to one cluster. Each cluster consists of spatially contiguous voxels with
similar enhancement parameters. The degree of parameter value (range) variation
found within a cluster depends on the choice of the spatial and range bandwidth
parameters h and h . When the spatial bandwidth increases, only larger regions with
similar parameters will be assigned to a separate cluster. When the range bandwidth
increases, only regions with parameter values that are substantially different from
their surroundings will be assigned to a separate cluster. Figure 3 on page 91 shows
the eifect of changing the bandwidths on the resulting number of clusters.
To minimize the effects of noise and possible patient motion, the minimum ROI
volume was arbitrarily set at 10 mm 3 , and clusters with a total volume of less than 10
mm 3 were discarded if at least one larger cluster was available.
In this work, the mean shift procedure was implemented using code from the edge
detection and image segmentation (EDISON) package, kindly provided by the
Robust Image Understanding Laboratory at Rutgers University ( h t t p : / / w w w . c a i p .
r u t g e r s . e d u / r i u l / r e s e a r c h / c o d e . h t m l ; Last accessed June 23, 2007).
CLUSTER SELECTION

The next step is to find the cluster that is most representative of the tumor and to
discard the others as nondescriptive. In this section, we present a method to identify
the cluster that has the highest degree of suspicion. This is done using a trained
classifier. Training in this case is complicated, because each lesion is likely to contain
multiple clusters, from which the cluster with the highest probability of malignancy
should be selected. Yet the classifier still needs training, so there is no certain way
to find these most suspicious clusters. This issue was addressed by determining an
initial classifier using all clusters from all lesions. This initial classifier was expected to
perform rather poorly, but it would allow for reclassification of the data set, producing
Automated Analysis of Contrast Enhancement in Breast MRI Using MSC
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a slightly improved classifier. From there, an iterative process of adjustments to the
training data set was executed until a repetitive sequence was reached. The final
classifier was determined from the intersection of clusters that were used during
the repetitive sequence. In other words, the training set only contained lesions that
showed a stable cluster of highest suspicion. The algorithm was thus:
1. Train a classifier C0 with all clusters from all lesions, using jackknife leave-1-out
cross-validation.
2. Using <t0 , determine for each lesion the cluster with the highest posterior
probability of maligancy and use the resulting collection to train a new classifier

t,
3. Iteratively determine C from the clusters with the highest posterior probability
of malignancy as determined using C. Stop when C e C (repetitive sequence
of R classifiers; C , = <C , „.
4. Determine the final classifier t from the intersection of the clusters that were
used for the repetitive sequence.
The final classifier performance was estimated using the area under the receiver
operator characteristic (ROC) curve (AUG). The classification was done using
quadratic discriminant analysis. Note that after the initial first step, the determination
of C is unsupervised and that there is no optimization of the AUG. Figure 1 shows an
example of the variation of the AUG during the execution of the algorithm.
The results of the multidimensional clustering (MDC) procedure were expected
to depend somewhat on the selection of the bandwidth parameters h and h. This
current work does not offer automated bandwidth determination and bandwidths of
hs = 1.0 mm and h = 1.0 (unitless with normalized features, see "Feature Definitions")
were used as an initial estimate. To evaluate whether these values were reasonable,
the experiments were repeated with all combinations of hs and hr values from {0.6,
0.8,1.0,1.5,2.0}.
PERFORMANCE COMPARISON

To assess accuracy of the ROIs determined using the mean shift clustering algorithm,
we performed automated classification of the 92 lesions in our data set using these
ROIs. We compared the results to those from an alternative automated classification
method, as well as to the final assessment of an experienced radiologist. The
performance analysis of both automated methods was performed using a leave-1-out
approach.
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With mean shift multidimensional clustering (MS-MDC) based automated
classification, each lesion was divided into several clusters using the mean shift
procedure. A standard classifier using quadratic discriminant analysis was then
employed to determine a probability of malignancy based on the average value of the
normalized Wash and RE enhancement parameters within each cluster. Training of
the classifier was done as described above. The ROI of each lesion was defined as the
cluster with the highest probability of malignancy.
The alternative automated method consisted of classification based on quartiles
calculated for each feature (Wash and RE) at all voxels within the same delineated
lesions (histogram analysis)14,15. This was implemented by first determining two
histograms ( Wash and RE) from all voxels, within a given delineated lesion, for both
Wash and RE. The first quartile was then obtained from each histogram; i.e., 25% of
the voxels are below this level. These values were determined for the entire data set
and the same type of classifier as used for MS-MDC was employed to obtain an AUG.
This process was repeated for the second and third quartiles, yielding a total of three
AUG values. The best performing quartile was then used to compare against the MSMDC performance.
The radiologist's final assessment of the lesion was done using the breast imaging
reporting and data system (BIRADS™) classification for MRP, which grades suspicious
lesions from 1 to 6, with increasing levels of suspicion. A BIRADS™ score of 1 means
that the MRI study is normal, so this classification, by definition, was not used in
our study. Similarly, a BIRADS™ score of 6 indicates histology proven malignancy.
No clinical information was given to the radiologist, so this classification was also
not used. The remaining scores vary from "almost certainly benign" (BIRADS™ 2) to
"highly suspicious for malignancy" (BIRADS™ 5).
The comparison of the various results was done by using the AUG as an estimate of
diagnostic accuracy. The 95% confidence intervals of the various AUG scores were
16 17
determined with bootstrapping · with 5000 samples, and paired testing was used
to evaluate differences. A statistically significant difference was defined as having
Ρ < 0.05.
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RESULTS
Breast MRI Data
The data set consisted of 92 lesions (from 92 studies performed on 87 women) with
either histology or follow-up correlation. The distribution of the histological findings
is given in Table 1. Note that there are several benign cases that typically exhibit
suspicious contrast enhancement behavior (e.g., adenosis), as well as some malignant
lesions that are known to sometimes show relatively benign curves, such as invasive
lobular carcinoma. The size of the lesions, as determined by an expert reader on MRI,
ranged from 0.5 to 9.0 cm (mean = 2.6 cm).
Ν

Malignant

Ν

Fibroadenoma

11

Invasive ductal Carcinoma

36

Fibrosis / Scar Tissue

7

Invasive Lobular Carcinoma

5

Adenosis

Benign

3

(Pure) Ductal Carcinoma m situ

13

Chronic Inflammation

1

Adenocarcinoma NOS

5

Radial Scar

1

Benign ductal papilloma

2

Follow-Up

8

Total

33

Total

59

NOS = Not Otherwise Specified.
Table 1: Distribution of the Lesions in the Data Set
The lesions were identified by one radiologist with extensive experience in breast
MRI. They were then automatically delineated based on their relative enhancement
with a threshold of 120%. The operator adjusted this threshold 33 times out of 92
(36%). After the adjustments, the semiautomated delineation obtained an acceptable
result in all cases, as confirmed by the breast MRI expert.

CAD Performance
The clustering algorithm resulted in an AUG = 0.88 with a 95% confidence interval
(95%CI) = 0.81-0.95. Histogram analysis showed the best performance when using
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the first quartile, with an AUG = 0.79. Table 2 shows the AUCs and 95%CIs for all
quartiles. The radiologist's final assessment, as shown in Table 3, resulted in AUG
= 0.93 with a 95%CI = 0.87-0.97. The improvement of mean shift clustering over
histogram analysis was statistically significant (P = 0.018 for the first quartile); the
difference between the radiologist's performance and that of mean shift clustering
was not statistically significant (P = 0.40). The ROC curves are shown in Figure 2.
The scatter plots in Figure 4 show the feature values within the ROIs and the values as
determined from the first quartile.
The CAD performance was found to be acceptable at range and spatial bandwidths
h = h = 1.0. The mean cluster volume using these bandwidths was 33 mm1 (range
13-8539 mm3). Performance tended to diminish to less than 0.70 at higher values
(e.g., either hr or h. at 2.0). Very small bandwidths, resulting in smaller clusters,
caused somewhat lower performance as well. Note that extremely low bandwidths
could lead to oversegmentation, and, thus, to failure of the clustering algorithm due
to the minimum cluster volume requirement (see Mean Shift Clustering). The effect
of bandwidth variation on the clustering result is illustrated in Figure 3.

Quartile

AUG

95% CI

First

0.79

0.69 - 0.88

Second

0.74

0.62 - 0.83

Third

0.70

0.57 - 0.80

Table 2: Results of Classification Using Features Obtained from Histogram Analysis

BI-RADS

Benign

Malignant

2

21

4

3

4

2

4

6

36

5

2

17

Table 3: Final BI-RADS Assessments of the Radiologists
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Iteration

Figure 1: Example of the AUC vs. the number of iterations in the determination of the classifier.
Note the repetitive sequence after iteration 24. The exact behavior of AUC vs. the number of iterations varies with the values of the bandwidths h and h.

•

o

AUC(95%CI)

—J—
00

02

04

HA25 079(069-088)
MOC 088(081-095)
RAD 093(087-097)
J—
- T 06

08

False positive fraction

Figure 2: ROC curves for the MS-MDC algorithm, histogram analysis for the best performing
quartile (first quartile, HA25), and an experienced radiologist's BIRADS assessment (RAD).
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CÖDHQ
Figure 3. A: Large enhancing mass in the left breast. This image was obtained by subtracting the
precontrast series from the first postcontrast series. B: Detail of the same lesion, at a slightly different
level. C: Color overlay representing the relative contrastenhancement. The color scale left of the lesion
indicates the level of enhancement, from very low (yellow) to very high (red). Voxels without color did not
show enough enhancement. D: Delineation of the lesion. Mean shift clustering will be performed on the
colored voxels. The threshold for delineation does not necessarily correspond to the lowest enhancement
level shown on the color overlay in (C), as can be seen in the top-left region. £: Clustering result with small
bandwidth, hr = hs = 1.0. Each cluster is identified by a different color, unrelated to the scale in (C). Some
uncolored voxels at the top of the lesion belong to a cluster smaller than 10 mm3 which was discarded.
Note that the layout of the clusters does not at all locations correspond with the color map in (C), because
clustering was done based on both washout and relative enhancement. F: Clustering result with larger
bandwidth, hr = hs = 2.0. The clusters are now considerably larger and all delineated voxels are assigned to
a cluster.

DISCUSSION
In this work, we present an accurate method to automatically determine a
contiguous region of interest for the evaluation of breast MRI contrast enhancement
characteristics. This is accomplished in two steps. First, mean shift segmentation is
used to divide a lesion into several clusters. The number of clusters is not known
a-priori; this depends on the size and heterogeneity of the lesion. Second, the
cluster with the most suspicious enhancement characteristics is identified. This will
represent the ROI. It is determined using a classifier that was trained using a new
iterative method. Classification results using the enhancement characteristics from
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the automatically determined ROI were significantly better than those based on
histogram analysis. After the classifier was trained, new lesions could be evaluated in
only a few seconds. This is much faster than a manual search for the most suspicious
enhancement, which may take up to several minutes. Also, this technique finds
clusters in three-dimensional space. This is an advantage compared to the method
offered by typical high-end workstations, namely a free-hand region drawn in one slice
only. Automated classification of the lesions in our data set resulted in a diagnostic
performance that was comparable to that of an experienced radiologist. It should
be noted that to reach a final assessment, the radiologist used the morphological
appearance of the lesions in addition to the contrast enhancement characteristics,
whereas mean shift clustering and histogram analysis were based on enhancement
kinetics only.
Histogram analysis, as implemented in our study, resulted in a significantly lower
diagnostic performance than mean shift clustering. The first, second, and third
quartiles of each feature were used for classification, and similar to Furman-Haran et
al15, we found the first quartile to yield the best performance. Mean shift clustering
has some advantages compared to using quartiles. For example, the quartile approach
discards potentially valuable information such as the overall distribution of feature
values. Also, histogram analysis in general does not offer spatial contiguity; the
most suspicious voxels are typically scattered throughout the lesion. This property
is independent of the features extracted from the histograms. Mean shift MDC
inherently produces clusters with contiguous voxels. There is limited published
data on the use of computer-aided diagnosis for the analysis of breast MRI lesions
in general, as well as its clinical application. Gilhuijs et al18 developed a method to
evaluate several morphological features of breast lesions. This approach resulted in
encouraging results in particular using analysis of lesion sharpness and shape, using
a variance of margin gradient and a radial gradient histogram feature, respectively.
An improved version of this system was tested in a screening situation19, which
resulted in a negative predictive value (NPV) of 99% while still maintaining an
acceptable positive predictive value (PPV) of 50%. Deurloo et al20 later showed that
this system could potentially increase performance in the evaluation of clinically and
mammographically occult lesions.
Penn et al21 reported on a CAD system based on fractal discrimination of lesion
borders. Their technique is based on earlier work where an expert description of
lesion morphology is combined with the fractal dimension feature and then used for
lesion discrimination using a back-propagation neural network or logistic regression
(22,23). A possible limitation of this approach lies in the dependence on expert
Automated Analysis of Contrast Enhancement in Breast MRI Using MSC
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description of the lesions, because several features generally accepted in radiology
literature show considerable interobserver variability*.
In order to obtain spatially contiguous ROIs, fuzzy c-means clustering incorporating
spatial information24 could also be used, but this method inherently requires a preset
number of clusters. Our method has an adaptive cluster size and, thus, results in
more clusters (and a smaller ROI) when lesions are heterogeneous rather than when
lesions are relatively homogeneous. This property better reflects the method of ROI
determination used by most radiologists.
The delineation of the lesions was obtained using a simple algorithm that needed user
intervention 36% of the time. This work was aimed at the determination of an ROI
in a defined lesion, and although it should be possible to automatically determine
the exact extent of lesions with less user interventions, improvement of delineation
accuracy is not straightforward and will be the subject of future research.
This study has some limitations. First, the lesion delineation step (based on relative
enhancement) required frequent operator adjustments. This may somewhat lower the
reproducibility of the delineation, even though the final clustering result is probably
not very sensitive to minor variations in lesion delineation. Only when the most
malignant section of the lesion is erroneously not included, a different cluster would
be identified as ROI. Such a situation is, however, very unlikely as the most malignant
part of a lesion usually enhances strongly and would, therefore, be included in the
delineation. Operator adjustments during lesion delineation also have a potential
influence on the feature values, since these were normalized using all voxels within
all delineated lesions. We expect this effect to be minimal, thanks to the very large
total number of voxels.
Second, the current implementation of mean shift clustering does not include
automated bandwidth selection. This is an important issue since the bandwidth
defines the number of clusters as well as the size of the ROI. The currently used fixed
bandwidth values hs and hr were determined empirically and produced encouraging
results. Better results may be obtained by setting different hs and hr based on, for
example, an analysis of the stability of the segmentation results. In this situation, hs and
hr are defined by the center of the largest range of bandwidths that leads to the same
number of clusters. Alternatively, an adaptive bandwidth selection method25 could be
used, one which is aimed at optimizing the bandwidth parameters for each individual
case. Theoretically, minimization of the asymptotic mean square error (AMISE) as
described in Cacoullos26 could be attempted, but in a multivariate situation such as

| 94

Journal of Magnetic Resonance Imaging, Vol. 26, No. 3, 2007

Automated Analysis of Contrast Enhancement in Breast MRI

Stoutjesdijk

in the current work, the resulting formula cannot be directly solved27 and is therefore
of limited use.
Third, the performance of radiologists was estimated by the final assessment of
only one, albeit experienced, reader. Further research, aimed at the practical use of
automated determination of the ROI, will include a multiple reader-multiple case
analysis. It was also not possible to properly evaluate the performance of the CAD
methods and the radiologist for the lesion subtypes (Table 1 ), due to the relatively small
number of lesions. It would be interesting to know if automated ROI determination
is more beneficial to the radiologist for certain subtypes than for others, and further
research into this subject seems warranted.
Finally, the results presented in this work are not independent of MRI scanner
type, scanning protocol, or even patients. We used two simple features commonly
used by radiologists, namely the relative enhancement at the first time point after
contrast injection and the amount of contrast washout. The exact value of both
features depends on many factors, including scanner field strength, the amount and
concentration of the injected contrast medium, the MRI scanning protocol, as well as
patient characteristics such as cardiac output. Because of this variation, the current
system of clustering and classification is not well suited for generic application. Only
the use of pharmacokinetic modeling (see, for example, Tofts28) will allow building
a clustering procedure and classifier that could be used with data from varying MRI
scanning protocols; we therefore intend to use modeled parameters as enhancement
features in future work. Further research will focus on these limitations: improvement
of the reproducibility of lesion delineation, automated bandwidth selection, and the
implementation of pharmacokinetic modeling.
In conclusion, MS-MDC of breast MRI lesions followed by automatic selection
of the most suspicious cluster is an accurate method to automatically determine a
contiguous region of interest for the analysis of contrast enhancement. There was
no statistical difference in diagnostic accuracy with an experienced radiologist.
Compared to histogram analysis, this technique performed significantly better.
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APPENDIX A
Mean Shift Procedure
Mean shift segmentation is an iterative technique that finds cluster centers at areas
of highest density in feature space. Each data point in the feature space is iteratively
translated until a stationary point is reached. Such a stationary point is found at
locations where the density gradient estimate equals zero and is also known as a
mode. The iterative translations take place along the mean shift vector, which for each
location represents the direction of the greatest increase in density. The mean shift
vector can be calculated withput actually estimating the local density itself. Consider
the kernel density estimator Λ for η d-dimensional data points JC e X, i - 1,..., η and
a symmetric positive definite bandwidth matrix Η of size d χ d:

Λ0Ο=-ΣΐΗΓ"2 Κ(Η-1/2χ)·(χ-χ,)

(A.l)

Employing a single bandwidth h and assuming Euclidian metric, the bandwidth
matrix H becomes H = h2l, and (A.l) can be written as:

'•«W
1

(x-x,)

2λ

(A.2)

where *(||r||") is the profile of a radially symmetric normalized kernel Κ so that
Λ:(Γ)=£(||Γ|| ). The locations where the kernel density gradient estimate
V/(x) = V/(x) equals 0 indicate the local maxima, local minima or plateaus in the
density estimate. These points are determined as follows. After defining the derivative
profileg(||r| ) = - ^ ' ( | r | ) and using (A.2), we can write the density gradient estimate
as:
2

V4K(x) = -^7£(x,-x)g x-x.

(A.3)

;=1

^AGW^.O·«
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The second part of (A.4) is called the mean shift, which is the difference between a
point χ and the mean of all other points from X, weighted by the kernel G around x:

Σ*.*

x-x.

2Λ

-χ

Χ

™Λ,θ( )=-

Σ*

(A.5)

χ-χ.

ι=1

The mean shift vector thus points toward the maximum increase in density. Note that
m(x) can be calculated directly using equation A.5, without determining the density
estimate itself.
The mean shift procedure is the iterative process that consists of successive translations
of χ along the local mean shift vector, which is calculated anew for each iteration. It
can be proven that this is guaranteed to converge to a stationary point, given two
7
mild conditions for kernels G and K' . Since such a stationary point could represent
a local minimum or plateau, its location is perturbed by a small amount, after which
the mean shift procedure is again started. An (almost) equal result indicates a local
maximum of the density estimate, i.e., a mode.
An important feature of the mean shift procedure is that the step size of the iterations
is adaptive, and inversely proportional to the local density in feature space. This is
apparent after writing (A.3) as

w

/,.c( x )

=

tfJAAx)
— *
Ac«

(A.6)

which shows that the mean shift vector computed with kernel G is proportional to
the gradient density estimate using K, normalized with the density estimate using G.
In areas of low density, the magnitude of mh
will therefore be large, and in areas
with high density (i.e., near the modes), the magnitude will be small.

Clustering
In our application, the spatial domain and range domain are combined, resulting
in 5-dimensional data points y. The two domains are assumed to have Euclidian
metric, but are allowed separate values for the bandwidth. The spatial domain, with
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bandwidth h, represents the voxel locations, the (normalized) range domain with
bandwidth hr the MRI features (washout and relative enhancement). In this case, the
kernel Κ in (A.l) is defined as the product of two radially symmetric kernels:
(

**.*« =

2 1.2

Kh

V

(

2\

X

s

Κ

k
)

\

2λ
X

(A.7)

r

Κ

/

where χ is the spatial part and xr the range part of x. The two parts use a common
kernel profile k. We used a Gaussian kernel in our experiments.
For each data point y (represented by each voxel in the delineated lesion volume)
the mean shift procedure is performed, leading to a point of convergence ζ for each
yr This results in m groups of closely related z, and each of these groups represents a
cluster. The clusters C with p = 1 ... m are thus defined by pooling all yi which have
zi within a distance hs of each other in the spatial domain, and hr in the range domain.
All V z, G C„ form the basin of attraction of cluster C .

I 98

Journal of Magnetic Resonance Imaging, Vol. 26, No. 3, 2007

Automated Analysis of Contrast Enhancement in Breast MRI

Stoutjesdijk

REFERENCES
1

Schnall MD, Blume J, Bluemke DA, et al Diagnostic architectural and dynamic features
at breast MR imaging: multicenter study. Radiology 2006;238 42-53.

2

Mussurakis S, Buckley D, Horsman A. Dynamic MR imaging of invasive breast cancer
correlation with tumour grade and other histological factors. Br J Radiol 1997,70 446451

3.

Mussurakis S, Buckley DL, Coady AM, Turnbull LW, Horsman A Observer variability in
the interpretation of contrast enhanced MRI of the breast Br J Radiol 1996;69 1009-1016

4.

Kuhl C, Mielcareck P, Klaschik S, et al. Dynamic breast MR imaging are signal intensity
time course data useful for differential diagnosis of enhancing lesions? Radiology
1999;211.101-110

5.

American College of Radiology (ACR) ACR BIRADS — magnetic resonance imaging.
In. ACR breast imaging reporting and data system, breast imaging atlas. Reston, VA
American College of Radiology (ACR); 2003.

6

Stoutjesdijk M, Futterer J, Boetes C, van Die L, Jager G, Barentsz J Variability in the
description of morphologic and contrast enhancement characteristics of breast lesions on
magnetic resonance imaging. Investigative Radiology 2005,40.355-362

7

Kim S, Morris E, Liberman L, et al. Observer variability and applicability of BI-RADS
terminology for breast MR imaging, invasive carcinomas as focal masses Am J Roentgenol
2001;177

8.

Ikeda D, Hylton N, Kinkel Κ, et al Development, standardization, and testing of a lexicon
for reporting contrast-enhanced breast magnetic resonance imaging studies J Magn
Reson Imaging 2001; 13.889-895.

9.

Comaniciu D, Meer P. Mean shift: a robust approach toward feature space analysis IEEE
Trans Pattern Anal Mach Intell 2002;24:603- 619

10 Kuhl C, Bieling H, Gieseke J, et al. Healthy premenopausal breast parenchyma in dynamic
contrast enhanced MR imaging of the breast: normal contrast medium enhancement and
cyclical-phase dependency. Radiology 1997,203:137-144.
11. Press WH, Flannery BP, Teukolsky SA, Vetterling WT. Numerical recipes the art of
scientific computing, 2nd edition Cambridge (UK) and New York. Cambridge University
Press, 1992. ρ 661-666
12. Fukunaga K, Hosteller LD. The estimation of the gradient of a density function, with
applications in pattern recognition IEEE Trans Information Theory 1975,21:32-40

Automated Analysts of Contrast Enhancement in Breast MRI Using MSC

99

Stoutjesdijk

Automated Analysis of Contrast Enhancement in Breast MRI

13. Cheng Y. Mean shift, mode seeking, and clustering. IEEE Trans on Pattern Analysis and
Machine Intelligence 1995;17:790-799.
14. Hayes C, Padhani AR, Leach MO. Assessing changes in tumour vascular function using
dynamic contrast-enhanced magnetic resonance imaging. NMR Biomed 2002;15:154163.
15. Furman-Haran E, Schechtman E, Kelcz F, Kirshenbaum K, Degani H. Magnetic resonance
imaging reveals functional diversity of the vasculature in benign and malignant breast
lesions. Cancer 2005; 104:708-718.
16. Rutter CM. Bootstrap estimation of diagnostic accuracy with patient-clustered data.
Acad Radiol 2000;7:413-419.
17. Obuchowski NA, Lieber ML, Powell KA. Data analysis for detection and localization of
multiple abnormalities with application to mammography. Acad Radiol 2000;7:516-525.
18. Gilhuijs KG, Giger ML, Bick U. Computerized analysis of breast lesions in three
dimensions using dynamic magnetic-resonance imaging. Med Phys 1998;25:1647-1654.
19. Gilhuijs KGA, Deurloo EE, Muller SH, Peterse JL, Kool LJS. Breast MR imaging in women
at increased lifetime risk of breast cancer: clinical system for computerized assessment of
breast lesions initial results. Radiology 2002;225:907-916.
20. Deurloo EE, Muller SH, Peterse JL, Besnard APE, Gilhuijs KGA. Clinically and
mammographically occult breast lesions on MR images: potential effect of computerized
assessment on clinical reading. Radiology 2005;234:693-701.
21. Penn A, Kumar N, Thompson S, Schnall M, Wang F, Gatsonis C. Preliminary performance
analysis of breast MRI cad system. In: SPIE Medical Imaging 2001: Image Processing.
Bellingham, WA: Society of Photo-Optical Instrumentation Engineers, 2001:1944-1953.
22. Penn AI, Loew MH. Estimating fractal dimension with fractal interpolation function
models. IEEE Trans Med Imaging 1997; 16:930 -937.
23. Penn AI, Bolinger L, Schnall MD, Loew ΜΗ. Discrimination of MR images of breast
masses with fractal-interpolation function models. Acad Radiol 1999;6:156-163.
24. Chuang KS, Tzeng HL, Chen S, Wu J, Chen TJ. Fuzzy c-means clustering with spatial
information for image segmentation. Comput Med Imaging Graph 2006;30:9-15.
25. Comaniciu, D. An algorithm for data-driven bandwidth selection. IEEE Trans Pattern
Anal Mach Intell 2003;25:281-288.
26. Cacoullos T. Estimation of a multivariate density. Ann Inst Stat Math 1966;18:178-189.
27. Wand MP, Jones M. Kernel smoothing. London: Chapman & Hall, 1995. ρ 98.

| 100

Journal of Magnetic Resonance Imaging, Vol. 26, No. 3, 2007

Automated Analysis of Contrast Enhancement in Breast MRI

Stoutjesdijk

28. Tofts PS. Modeling tracer kinetics in dynamic Gd-DTPA MR imaging. J Magn Reson
Imaging 1997;7:91-101.

Automated Analysis of Contrast Enhancement in Breast MRI Using MSC

101

Automated Analysis of Contrast Enhancement in Breast MRI

Stoutjesdijk

Contrast Enhanced Magnetic
Resonance Imaging of the Breast:
The Value of Pharmacokinetic
Parameters Derived from Fast
Dynamic Imaging during Initial
Enhancement in Classifying Lesions
JVeltman, MJ Stoutjesdijk, R Mann ,HJ Huisman
JO Barentsz, JG Blickman, C Boetes

Chapter

6

Previously published in European Radiology, Vol. 18, No. 6, 2008

Breast MRI: The Value of Pharmacokinetic Parameters in Classifying Lesions

103

Stoutjesdijk

Automated Analysis of Contrast Enhancement in Breast MRI

Abstract
The value of pharmacokinetic parameters derived from fast dynamic imaging during
initial enhancement in characterizing breast lesions on magnetic resonance imaging
(MRI) was evaluated.
Sixty-eight malignant and 34 benign lesions were included. In the scanning protocol,
high temporal resolution imaging was combined with high spatial resolution imaging.
The high temporal resolution images were recorded every 4.1 seconds (s) during
initial enhancement (fast dynamic analysis). The high spatial resolution images were
recorded at a temporal resolution of 86 s (slow dynamic analysis). In the fast dynamic
evaluation pharmacokinetic parameters (K > Ve and ke ) were evaluated. In the slow
dynamic analysis, each lesion was scored according to the BI-RADS classification.
Two readers evaluated all data prospectively. ROC and multivariate analysis were
performed.
The slow dynamic analysis resulted in an AUG of 0.85 and 0.83, respectively. The
fast dynamic analysis resulted in an AUG of 0.83 in both readers. The combination
of both the slow and fast dynamic analyses resulted in a significant improvement of
diagnostic performance with an AUG of 0.93 and 0.90 (P = 0.02).
The increased diagnostic performance found when combining both methods
demonstrates the additional value of our method in further improving the diagnostic
performance of breast MRI.
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Introduction

B

REAST CANCER IS THE MOST commonly diagnosed cancer in women and
the most prevalent cancer worldwide1. In breast imaging, mammography is still
the most commonly used imaging techniques both in screening for and staging of
breast cancer. However, dynamic contrast-enhanced magnetic resonance imaging
(MRI) is becoming an important imaging modality in the detection and staging of
breast cancer. Because of its superior sensitivity for the detection of invasive breast
cancer, MRI has become a very important modality in breast imaging2'5.
However, the classification of a lesion detected on MRI as benign or malignant still
remains a challenge. Reported specificities in clinical studies range between 20% and
100%615. The main characteristics used for classification of detected lesions on MRI
are the lesion morphology and the enhancement dynamics4. Dynamic evaluation is
often based on late dynamic characteristics of enhancing lesions. In this approach,
the decrease of signal intensity, often referred to as a type 3 curve or washout, is
highly suggestive for breast cancer with the likelihood for malignancy of 87%13. This
dynamic evaluation makes use of high-resolution Tl-weighted MRI images with a
relatively low time resolution of 42 s or more3·1316 20. The high spatial resolution of
these sequences is necessary for accurate morphologic evaluation. Irregular lesion
contour, inhomogeneous internal enhancement and rim enhancement have been
described as features indicating a malignancy21.
Schnall et al.4 found focal mass margins and signal intensity to be a highly predictive
imaging features. However, the combination of both dynamic and morphological
parameters resulted in the highest diagnostic accuracy in multivariate analysis.
The evaluation of early enhancement using a high temporal resolution has also
been a subject of study in breast MRI. Boetes et al.6 found in a group of 87 lesions a
sensitivity of 95%, a specificity of 86% and an overall accuracy of 93% based on early
enhancement characteristics. In this study, a temporal resolution of 2.3 s as achieved
using a turboFLASH sequence. The value of a high temporal resolution during initial
enhancement was confirmed by Sardanelli et al.22, who used a temporal resolution
of 15 s during the first minute of enhancement. The overlap between malignant and
benign enhancement curves was only 9% using the fast dynamic evaluation compared
with 50% using a lower temporal resolution of 1 minute.
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The value of first pass high temporal resolution imaging for the differentiation of
benign and malignant lesions was studied in a direct comparison of steady-state
dynamic MRI (30 s temporal resolution) and first-pass imaging (2 s temporal
resolution) of induced mammary tumors in female rats by Helbich et al.23. In their
study, an estimate of first-pass perfusion using T2'-weighted imaging almost reached
a significant difference between benign and malignant tumors. All other methods
used, including Tl-weighted first-pass imaging, failed to differentiate benign from
malignant tumors. Gibbs et al.24 also used a high temporal resolution (10.5-14.5 s) in
the evaluation of small breast lesions and evaluated their data using a pharmacokinetic
model. The incorporation of data from pharmacokinetic modeling in the evaluation
of lesions improved diagnostic accuracy in their group.
High temporal resolution sequences often cover a limited area of the breast6,24.
These imaging protocols are, therefore, less suitable in clinical MRI or screening.
For this study, we adjusted the scanning protocol in order to obtain a high temporal
resolution during initial enhancement while covering both breasts entirely. The aim
of this study is to asses the value of pharmacokinetic parameters derived from fast
dynamic contrast enhanced imaging during initial enhancement in differentiating
between benign and malignant breast lesions on MRI.
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Materials and methods
Patient selection
All lesions detected on clinically performed breast MRI examinations in the period
from January 2004 until June 2005 were initially included. All detected lesions
were evaluated based on the following inclusion criteria: ( 1 ) histological confirmed
diagnosis or (2) follow-up based on unchanged MRI morphology and enhancement
characteristics during at least 24 months indicating a benign nature of the lesion25.
Lesions that could not be classified as benign or malignant using these criteria were
excluded. The protocol was approved by the institutional review board.

Imaging protocol
All patients were examined using a 1.5-Tesla MRI scanner (Sonata or Symphony,
Siemens, Erlangen, Germany) in combination with a double breast coil. In
premenopausal women, the MRI examination was performed in the second week
of the menstrual cycle to minimize enhancement of normal glandular tissue26. Prior
to the MRI examination, an intravenous catheter was inserted in the left or right
arm. All patients were placed in the prone position with the breasts in the double
breast coil and positioned at the isocenter of the magnet. After localizer images were
obtained in three directions, low spatial resolution proton-density-weighted images
were acquired in the transverse plane covering both breasts completely (TE 1.56,
TR 800, FA 8, FOV 320, slices 24, TA 50 s, image resolution 3.9 mm χ 1.3 mm χ 4.0
mm). Subsequently, a coronally oriented high-resolution three-dimensional fast lowangle shot series (FLASH 3D) was acquired (TE 4, TR 7.5, FA 8, FOV 320, slices 120,
TA 86 s, image resolution 1.3 mm χ 1.3 mm χ 1.3 mm). Thereafter, high temporal
resolution Tl-weighted images (turboFLASH) were recorded 22 times with identical
spatial resolution and orientation as the proton-density-weighted images (TE 1.56, TR
66, FA 20, FOV 320, slices 24, TA 22 χ 4.1 s) during an intravenous bolus injection of
a paramagnetic gadolinium chelate—0.2 mmol of gadoterate meglumine (Dotarem;
Guerbet, The Netherlands) per kilogram of body weight—which was administered
with a power injector (Spectris; Medrad, Pittsburg, USA) at 2.5 ml/s and followed by
a 15-ml saline flush. Following these series, the FLASH 3D series was repeated four
times. Total scan time for this protocol was 9 min 42 s, including the time needed to
record localizer images.
Breast MRI: The Value of Pharmacokinetic Parameters in Classifying Lesions
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Image evaluation
For the evaluation, the MRI data were divided into two sets of dynamic data for each
patient. The first dataset contained the high spatial resolution Τ1-weighted images
(FLASH 3D) only. These were used for the evaluation of both lesion morphology
as well as signal intensity versus time curves. This method will be further referred
to as the 'slow dynamic' analysis. The second dataset contained the proton-density-
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Figure 1: Relative enhancement versus time curves of a benign (a) and malignant (b) lesion. Note
that the slope of enhancement and the level of enhancement is higher for the malignant lesion as
compared to the benign lesion. These fast dynamic acquisitions were analyzed as described in the
materials and methods section and resulted in the color overlays as presented infigures4 and 5. The
data used in this figure was respectively derived from a histopathology proven fibroadenoma and
an invasive ductal carcinoma. The same lesions as presented in Figures 4 and 5.
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weighted images, the high temporal resolution images as well as the precontrast
high spatial resolution sequence. A high-resolution subtraction of the pre- and first
postcontrast FLASH3D series prepared on the MRI scanner was also included in
this dataset to aid in lesion detection. The proton-density-weighted sequence was
necessary for an accurate estimation of the Tl value necessary for the quantitative
analyses. The evaluation of this dataset will be further referred to as the 'fast dynamic'
analysis. In this fast dynamic analysis, the last three postcontrast FLASH 3D series
were not used. All cases were evaluated prospectively by two experienced breast MRI
radiologists (reader 1 and reader 2). Both readers had over 5 years of experience
in dynamic breast MRI. The evaluation on the two workstations was performed
independently in different sessions with at least a 2-month time interval between
both sessions.
For the slow dynamic analysis, a dedicated breast MRI workstation was used (Dynacad,
Invivo, Germany). This workstation creates subtraction images for all time points
after contrast administration, of which the first is automatically displayed together
with the precontrast Tl acquisition, both in a coronal orientation. Furthermore,
axial reconstructions were displayed for both the subtracted and Τ1-weighted
images with color overlays of wash-in/wash-out enhancement characteristics
projected over the Tl -weighted images27. A maximum intensity projection and signal
intensity versus time curves were also displayed. This display protocol resembles the
protocol used in the clinical workflow of dynamic breast MRI in our hospital. A BIRADS™ classification was assigned for each lesion based on their morphology and
enhancement dynamics28. No clinical information, mammography or prior MRI data
were provided to the readers during the evaluation of the cases.
In the fast dynamic analysis, a workstation, developed in-house for the evaluation of
dynamic contrast enhanced MRI, was used29·30. On this workstation, pharmacokinetic
parameters derived from the high temporal resolution turboFLASH series were
automatically calibrated, calculated and displayed using color overlays. Examples
of the recorded high temporal resolution enhancement versus time curves are
presented in Figure 1. In the preparation of this high temporal resolution data, each
MRI signal enhancement/time curve was first fitted to a general exponential signal
31
enhancement model, as described previously . This reduces a curve to a model
with the following five parameters: baseline (s0); start of signal enhancement (f ),
which defines the onset of the exponential curve; time-to-peak (ttp), the exponential
constant; peak enhancement (s ), the signal amplitude at which the exponential
curve levels off; and late wash, defined as the slope of the late part of the exponential
curve. The reduced signal enhancement/time curve was converted to a reduced tracer
Breast MRI: The Value of Pharmacokinetic Parameters in Classifying Lesions
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concentration (mmol/ml)/time curve31,32, effectively converting s to concentration
tracer after initial rapid wash-in (often at a peak or plateau level) (C d ). The reduced
plasma concentration time curve was estimated using the reference tissue method33.
Deconvolution of the plasma profile and estimation of pharmacokinetic parameters
conformed to the theoretical derivations34, but was implemented in the reduced signal
space as: V = C . , VC . , . .; k = l/(ffp,
- ttp . ). Klrans = V χ k . Where V
χ

e

gdjMliitsue)

gd,p(plasma)

ep

v

* tissue

-» plasma 7

e

ep

e

is an estimate or the extracellular volume [%], K1™4, the volume transfer constant
(1/min), and k,, the rate constant (1/min), between extracellular extravascular and
plasma space. The subscript 'tissue' stands for a measurement in the tissue under
investigation and the subscript 'plasma' for the reference tissue plasma estimate.
The reference tissue was automatically determined by selecting a set of voxels in the
whole image volume [relative enhancement, (5 -s0)/s0] larger than 0.2 and smaller
than 2.0). This was most often the pectoral muscle, sometimes the liver or spleen.
The additionally recorded proton-density images were used to correct for the coil
profile. The data were presented on the workstation with high-resolution precontrast
Tl-weighted images in an axial, coronal and sagital reconstruction (FLASH 3D) as
background. Color overlays were projected over the images representing K,rans, V
and k parameter values that were based on the high temporal resolution images
(turboFLASH). A subtraction image based on the pre- and first postcontrast FLASH
3D series was presented to aid in lesion detection. No criteria for differentiating
between benign and malignant lesions were derived from the subtracted images. In
this evaluation, the readers selected a region of interest (ROI) within the enhancing
lesion. The ROIs were sphere-shaped and placed in an area within the lesion where
lrans
the parameter values of K , V and kc were highest, based on the color-overlays.
The outer limit of the lesion was used as a boundary of the ROI to rule out partial
35
volume effects . This method of ROI selection has previously been referred to as a
36
hotspot method . Each reader placed only one ROI per lesion. From this ROI, the
workstation calculated the mean values for each of the pharmacokinetic parameters.
Again, no clinical information, mammography or prior MRI data were provided to
the readers during the evaluation of the cases. In case of multifocality, the tumor was
analyzed as a single lesion.

Statistical analysis
Differences in pharmacokinetic parameter values between the malignant and benign
group were evaluated using an independent sample t-test. The performance of both
methods was compared using a receiver operator characteristic (ROC) analysis.
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From the slow dynamic analysis, the readers final BI-RADS™ classification of the
lesion was used in the ROC evaluation; from the fast dynamic analysis, the mean
parameter values calculated from the ROI selected by each reader were used.
Multivariate analysis was performed using logistic regression in order to evaluate the
possible additional value of both methods to one another. Since the differentiation
between benign and malignant lesions is more difficult in smaller lesions a subgroup
of all lesions of 2 cm and smaller were also separately evaluated. The comparison
of the various results, including the interobserver variability, was done by using the
area under the ROC curve (AUG) as an estimate of diagnostic accuracy. A pairwise
comparison was performed to evaluate differences in the AUC. Ρ values <0.05 were
considered to indicate statistical significance.
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Results
A total of 870 consecutive clinical breast MRI examinations in 787 patients were
performed. In these studies a total of 188 lesions were detected. Eighty-six lesions
could not be included due to lack of histological diagnosis or insufficient follow-up.
This resulted in a total of 102 lesions in 96 patients; 34 benign and 68 malignant
lesions. The mean age was 51 years (range 28-74 years). Ninety-four lesions were
included based on histological evaluation, eight lesions based on follow-up. Mean
lesion size on MRI for the malignant group was 32 mm (range 9-90 mm) and this
was 15 mm (range 5-50 mm) for the benign lesions. A total of 52 lesions were 2 cm
or smaller; 25 malignant (mean lesion size 14 mm, range 6-20 mm) and 27 benign
(mean lesion size 11 mm , range 5-20 mm).
The histological evaluation of the malignant lesions was in 14 cases based only on
the core biopsy, in 14 cases based on an excision biopsy or breast saving surgery
specimen and in 40 cases based on the mastectomy specimen. Histological proven
benign lesions were in 19 cases based on a core biopsy and in seven cases based on an
excision biopsy. Eight lesions were proven benign based on follow-up, mean followup was 37 months (range 24-52 months). The histological composition of the entire
group is summarized in Table 1.

Benign (n=34)

Malignant (n=68)

Fibroadenoma

11

IDC

47

Fibrosis

5

DCIS

14

Adenosis

3

ILC

7

Inflammation

2

Ductal Papilloma

2

Scar Tissue

1

Hyperplasia

1

Hamartoma

1

Radial Scar

1

Follow-up

8

Table 1: Histological composition of the benign and malignant group of lesions (IDC = invasive
ductal carcinoma, DCIS = ductal carcinoma in situ, ILC = invasive lobular carcinoma).
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Imaging results
In the slow dynamic analysis reader 1 classified 25 lesions as a BI-RADS™ 2
(benign:malignant = 22:3), seven as BI-RADS™ 3 (4:3), 50 as BI-RADS™ 4 (6:44) and
20 an BI-RADS 5 (2:18). This was respectively 33 (24:9), 12 (4:8), 41 (5:36) and 16

Reader 1

Reader 2

Benign
(n=34)

95% CI

Malignant
(«=68)

95% CI

I^lrdiis

1.2

0.9- 1.4

2.3

2.1 -2.6

ve

41.6

34.9 - 48.3

63.9

58.6-69.1

Ktp

3.0

2.7 - 3.3

3.8

3.5 - 4.0

I^trans

1.3

1.0- 1.5

2.5

2.2 - 2.8

vc

44.6

37.2 - 52.0

67.1

62.0 - 72.3

K,

3.0

2.6 - 3.3

3.9

3.7 - 4.2

Table 2: Mean pharmacokinetic parameter values categorized for malignant and benign lesions per
reader. All parameter values proved significantly higher in the malignant group compared to the
benign group (P<0.01)
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Figure 2: Scatter plots from the extracellular volume (V) versus the transfer constant (K""") for
reader 1 (a) and reader 2 (b). Benign and malignant cases were clustered. Clusters were summarized
with an iso-probability contour computed from the cluster mean and covariance at a squared
normalized radius of 2. The continuous line ellipsoid represents the benign subgroup, the skipped
line ellipsoid represents the malignant subgroup.
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(1:15) for reader 2. The ROC analysis for the slow dynamic analysis resulted in an
AUG of 0.85 (95% CI = 0.773-0.918) and 0.83 (95% CI = 0.74-0.89) for reader 1 and 2,
respectively. The mean volume of the ROIs selected by the readers in the fast dynamic
evaluation was 0.51 cm3 for reader 1 (range 0.15-1.94 cm3, SD 0.30) and 0.52 cm3 for
reader 2 (range 0.15-1.94 cm3, SD 0.41). No significant difference was found for ROI
size (P = 0.72). The pharmacokinetic parameters used in the fast dynamic analysis
showed a significant difference between the benign and malignant group for both
readers (Table 2). The diagnostic performance of the fast dynamic analysis resulted
in an AUG for Ktrans of 0.82 (95% CI = 0.735-0.905) and 0.82 (95% CI = 0.739-0.909)
for reader 1 and 2. For V the AUG was 0.78 (95% CI = 0.682-0.873) and 0.77 (95%
CI = 0.670-0.866) and for the kep parameter 0.72 (95% CI = 0.609-0.828) and 0.74
(95% CI = 0.629-0.841) for reader 1 and 2, respectively. Scatter plots of K,rans' and V
displaying the parameter values of benign and malignant lesions found in the two
readers are provided in Figure 2. The comparison of the diagnostic performance from
the slow dynamic analysis with the single parameter fast dynamic analysis showed
no significant differences for the K,n"" and V parameter. A significant difference was
found for reader 1 between the slow dynamic analysis and the ke parameter (P = 0.02)
, the slow dynamic analysis showing better results. This was not found for reader 2
(P = 0.08).
Combining the pharmacokinetic parameters (Klrans, Ke and V) in a multivariate
analyses resulted in an AUG of 0.83 (95% CI = 0.74-0.90) and 0.83 (95% CI = 0.740.90) for reader 1 and 2. No significant difference was found between the multivariate
fast dynamic and the slow dynamic diagnostic performance (P = 0.49 and Ρ = 0.85).
The multivariate analysis from all pharmacokinetic parameters combined with
the slow dynamic analysis (combined analysis) resulted in an AUG of 0.93 (95%
CI = 0.85-0.96) and 0.90 (95% CI = 0.83-0.95) for reader 1 and 2, respectively. The
results from the combined analysis were significantly higher when compared with the
fast dynamic analysis for both readers (P = 0.01 and Ρ = 0.02). This was also found for
the slow dynamic analysis (P = 0.02 for both readers). The ROC curves are presented
in Figure 3.
In the group of lesions of 2 cm and smaller, the slow dynamic analyses resulted in
an AUG of 0.87 (95% CI = 0.75-0.95) for reader 1 and 0.79 (95% CI = 0.67-0.91) for
reader 2. Overall, the fast analyses resulted in this group in an AUG of 0.83 (95% CI
= 0.70-0.92) and 0.85 (95% CI = 0.72-0.93), respectively. No significant difference
was found between the slow and fast dynamic analyses for both readers (P = 0.54 and
Ρ = 0.41). The combined analysis resulted in an AUG of 0.97 (95% CI = 0.88-0.99) and
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0.94 (95% CI= 0.84-0.99), respectively. The results from the combined analysis were
significantly higher when compared with the fast dynamic analysis for both readers
(P<0.01 and Ρ = 0.04). This was also found when compared to the slow dynamic
analysis (P = 0.03 and P<0.01).
No significant differences were found between the two readers in any of the analyses.
An example of a benign and a malignant lesion is presented in Figures 4 and 5.
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Figure 3: ROC curve for reader 1 (a) and reader 2 (b) displaying the fast dynamic, slow dynamic
and combined analysis. No significant differences were found between the fast and slow dynamic
analysis in both readers. A significant difference was found between the slow dynamic analysis and
the combined analysis for both readers (p = 0.02 for both readers). The comparison between the fast
dynamic analysis and the combined analysis also resulted in a significant difference for both readers
(p = 0.01 and ρ = 0.02). No significant differences were found between the two readers.
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Figure 4: A. Transverse reconstruction of the high-resolution subtraction sequence of the right
breast. B. Time versus relative enhancement curve of the slow dynamic series. C and D. K"'m and V
color overlay images of the right breast, including a scalar bar, to demonstrate the parameter values.
The subtraction image shows a rounded, mostly sharp delineated lesion. The time versus signal
intensity curve demonstrates a type 1 curve, indicative for a benign lesions. The readers classified
this lesion as benign (BI-RADS" 2) or probably benign needing follow up (BI-RADS'" 3) based on the
slow dynamic analysis. The Klr""s and V parameter color overlays demonstrate relatively low values
for both parameters (see Table 2 for comparison) Indicative for a benign lesion. Histopathology
proved this lesion to be a fibroadenoma.
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Figure 5: Transverse reconstruction of the high resolution subtraction sequence of the right
breast (A). Time versus relative enhancement curve of the slow dynamic series (B). K"·"" (C) and
V (D) color overlay images of the right breast including a scalar bar demonstrates the parameter
values. The subtraction image shows a retromammillary, spiculated lesion. The time versus signal
intensity curve demonstrates a type 3 curve (wash-out) suggestive for a malignancy. Both readers
classified this lesion as malignant (BI-RADS 4) based on the slow dynamic analysis. The K}""" and
V parameter color overlays demonstrate high values for both parameters (see Table 2 for comparison), indicative for a malignant lesion. Histopathology proved this lesion to be an invasive ductal
carcinoma.
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Discussion
In this study, we demonstrated that the pharmacokinetic parameters derived from
fast dynamic scanning during initial enhancement were a valuable additional tool
for the differentiation between benign and malignant breast lesions on MRI. The
pharmacokinetic parameters were significantly higher for the malignant group
compared with the benign lesions (Table 2). The diagnostic performance of the
pharmacokinetic parameters was, compared with the results of the slow dynamic
analysis, not significantly different. The combination of both methods, however, did
improve the diagnostic performance significantly for both readers. These results were
also found in the subgroup analysis of smaller breast lesions.
The slow dynamic analysis resembles the evaluation as routinely performed in the
clinical workflow in our hospital. The performance of the workstation used in the
slow dynamic evaluation has already been investigated and proven by Wiener et al.27
in the evaluation of breast lesions prior to surgical treatment. Schnall et al.4 evaluated
the performance of both dynamic and morphological features in 854 women with
995 lesions. The results of their multivariate evaluation based on both morphological
and relatively slow dynamic lesion characteristics resulted in a similar diagnostic
accuracy (AUG values of 0.87 and 0.88) compared with the results obtained in
the slow dynamic analyses of our study (0.85 and 0.83). Our results found in the
slow dynamic analysis are, therefore, considered representative for the diagnostic
performance of an experienced radiologist in this group of patients.
In the fast dynamic analysis, both the morphologic characteristics and slow dynamic
characteristics were not included in the evaluation; instead, a quantitative analysis
of pharmacokinetic parameters was used based on manual ROI placement within
the lesion. In the literature, both a "hot-spot" and "whole-tumor" method for ROI
placement are reported36. In this study, we used a hot-spot method. The importance
of a consistent ROI placing strategy has been described by Liney et al.36. In our study,
both readers were instructed with a simple ROI-placing strategy placing the ROI
in an area with the highest parameter values guided by color overlays. Since no
significant differences were found in the ROC analyses in any of the pharmacokinetic
parameters used it is assumed that the performance of the fast dynamic analysis was
not negatively affected by this manual ROI selection strategy. The optimal strategy
of ROI selection within a breast lesion is a subject that still needs to be further
investigated; this is beyond the scope of this study.
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Gibbs et al.24 found the use of quantitative pharmacokinetic parameters in the
evaluation of sub 1-cm breast lesions to be beneficial. In their study of 43 women, a
diagnostic accuracy of 0.92 was found combining the postcontrast images with the
dynamic data in a logistic regression analysis. The exchange rate constant was found
to be the best individual parameter with a diagnostic accuracy of 0.74. The K'""'
was also found to be the best individual parameter in our study with a diagnostic
accuracy of 0.82. Furman-Haran et al.18 concluded in their study of 141 lesions
that the quantitative evaluation of perfusion parameters should be able to improve
breast cancer diagnosis on MRI. In their study the Klrans was also found to be the best
discriminating parameter. Their analysis showed results of invasive ductal carcinoma
versus fibroadenomas or fibrocystic changes. Unlike our study, the pharmacokinetic
parameters used by Furman-Haran and coworkers were derived from high-resolution
images with relatively a low temporal resolution of 2 min. Although our analysis
used a more diverse histological distribution {Table 1) compared with the results
presented by Furman-Haran et al.18, only a relatively small number of benign lesions
could be included. The diverse histological distribution also resulted in the inclusion
of benign lesions that do not necessarily cause a diagnostic dilemma in daily practice.
This can be seen as a limitation of our study. In the subgroup analysis of smaller
lesions, a more equal distribution between benign and malignant lesions was found.
The analysis performed in this subgroup also proved the additional value of the fast
dynamic analysis in classifying small breast lesions on MRI.
The three-time-point method used by Kelcz et al.-17 provides the reader with a
composite image showing contrast uptake and wash-out characteristics related to the
product of microvessel surface area and permeability, as well as to the extracellular
volume fraction. In their study, the observers correctly diagnosed 27 of 31 malignant
and 31 of 37 benign lesions (sensitivity 87%; specificity 84%) using the three-timepoint method. The evaluation based on wash-in and wash-out curves in combination
with morphology resulted in a sensitivity of 93% and a specificity of 82%. Our
results not only demonstrate a similar performance of the pharmacokinetic analysis
compared with the evaluation based on morphology and slow dynamics but also
demonstrate the potential gain if both methods are combined. The results presented
by Kelcz et al.37 are, like other authors, again derived from high spatial resolution
images with a relatively low temporal resolution of 2 min compared with our fast
dynamic scanning protocol.
With a scanning protocol using only the fast dynamic evaluation and morphology the
scantime could be reduced significantly when compared with a protocol including the
evaluation of wash-out. This without loss of diagnostic performance when compared
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with the results of the slow dynamic analysis in our study and the results presented by
other authors41318. This reduction of scantime can in the future contribute to the costeffectiveness of MRI screening. However, since the highest diagnostic performance
was obtained by combining both the fast and slow dynamic analysis, further studies
are needed before the scantime can be reduced.
The results presented in this study are our initial results using this scanning protocol.
Therefore, no cut-off values for the differentiation between benign and malignant
lesions from the pharmacokinetic parameters were used in the evaluation or can be
provided at this point. The results presented only show the potential of our method
in differentiation between benign and malignant lesions in this group of patients. The
value of our method needs to be further studied in a larger group, preferably using
a more even distribution between benign and malignant cases and with lesions that
can be classified on imaging as a BI-RADS™ 3 or higher.
Unfortunately, the study design used did not allow a multivariate analysis combining
the fast dynamic data with morphological characteristics. Also, the possible tradeoff between the pharmacokinetic parameters based on initial enhancement and the
wash-out based on late dynamic characteristics cannot be derived from these data.
Both analyses will need to be performed in future projects in order to evaluate the full
potential of the fast dynamic analysis as used in our study.
In conclusion, pharmacokinetic parameters derived from fast dynamic imaging
during initial enhancement have great potential in classifying enhancing lesions in the
breast. In this study, the diagnostic performance for the fast dynamic analysis proved
to be equal to the results of experienced radiologists using more common evaluation
methods based on morphologic characteristics and slow dynamic enhancement
characteristics. An increased diagnostic performance was found in combining both
methods. This shows the additional value of this method in further improving the
diagnostic accuracy of breast MRI.
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Abstract
Purpose: To evaluate automatic characterization of a breast MR lesion by its spatially
coherent region of interest (ROI).
Materials and Methods: The method delineated 247 enhancing lesions using Otsu
thresholding after manually placing a sphere. Mean Shift Clustering subdivided each
volume, based on features including pharmacokinetic parameters. An iteratively
trained classifier to predict the most suspicious ROI (IsR) was used, to predict the
malignancy likelihood of each lesion. Performance was evaluated using receiver
operator characteristic (ROC) analysis, and compared to a previous prototype. IsR
was compared to non-iterative training. The effect of adding BI-RADS™ morphology
(from a radiologist) to the classifier was investigated.
Results: The area under the ROC curve (AUG) was 0.82 (95%CI of 0.76-0.87), and was
0.69 (95%CI = 0.61-0.75, p<0.001) without pharmacokinetic features. IsR performed
better than conventional selection, based on one feature (AUG 0.75, 95%CI = 0.690.81, p=0.035). With morphology, the AUG was 0.84 (95%CI = 0.78-0.88) versus 0.82
without (p=0.40).
Conclusion: Breast lesions can be characterized by their most suspicious, contiguous
ROI using multifeature clustering and iterative training. Characterization was
improved by including pharmocokinetic modeling, while in our experiments,
including morphology did not.
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D

YNAMIC CONTRAST ENHANCED MAGNETIC RESONANCE imaging
has become an integral part of breast imaging. There are several wellestablished indications for its use1: exclusion of malignancy when conventional
imaging is inconclusive, preoperative staging, detection of a possible primary breast
tumor in cases with metastatic disease of unknown origin, evaluation of response
to neoadjuvant therapy, followup after breast conserving therapy, screening for
women at increased risk of breast cancer, and prosthesis imaging. Nearly all breast
MRI examinations require differentiation between benign and malignant origin
of enhancing tissue. For the evaluation of a detected lesion, both morphology and
dynamic enhancement characteristics are valuable2 6. The ACR BI-RADS™7 offers a
useful guideline in the assessment of an enhancing lesion on breast MRI. Guidelines
like this are somewhat limited by their dependence on proper description of a lesion
by the human reader; we previously showed that there is considerable variability in
this description8, a finding that extended to both morphological and kinetic features.
Kinetic features must be evaluated in the most suspicious area of a tumor911, but our
study showed that choosing the location and size of this region of interest (ROI) was
a major source of the variability.
In another previous study, we developed a method for the automated selection of
an ROI which could also suggest to the reader a representative curve of contrast
enhancement, and calculate a probability of malignancy based on this ROI12. This was
done by dividing the pathologically enhancing region into several smaller subregions
("clusters"), and by selecting the subregion with the most malignant features as being
representative for the ROI. This feasibility study showed promising results but had
several limitations. First, user interaction was frequently required during lesion
delineation. Second, a suboptimal parameter selection was used for the mean shift
clustering procedure, that was employed. Third, possibilities for lesion analysis were
limited because pharmacokinetic modeling of enhancement was not used (only
features derived directly from MRI signal intensity were available, and these vary
with patient physiology, MRI scanning protocol and hardware type).
This paper describes an extended method to characterize breast MR lesions that
addresses the limitations described above. The method is able to handle all common
pathologies and is evaluated on a large set of general breast MR cases. Iterative
training is compared to conventional training methods. The effect on the diagnostic
performance is investigated by performing experiments with pharmacokinetic
modeling and BIRADS morphological assessments.
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Methods
Data Set
We used data collected in our institution from dynamic contrast enhanced MRI
examinations of the breast performed between 2003 and 2009. The following criteria
were used to include examinations in this study. First, all data was required to be
validated by either histopathological analysis or unchanged appearance throughout
at least two years, as determined by other MRI examinations. Second, the data was
required to include all series needed for our feature extraction methods. For example,
studies lacking the series required to allow pharmacokinetic modeling were excluded.
Because patient data was evaluated anonymously and retrospectively, an institutional
review board waiver applied for our study.

Magnetic Resonance Imaging Protocol
All patients were examined using a 1.5-Tesla MRI scanner (Sonata or Symphony,
Siemens, Erlangen, Germany) in combination with a dedicated, bilateral breast coil.
In premenopausal women, the MRI examination was performed in the second week
of the menstrual cycle to minimize enhancement of normal glandular tissue in most
cases. An intravenous catheter was inserted in the left or right arm, the patient was
then placed in prone position with the breasts in the double breast coil and positioned
at the isocenter of the magnet. Low spatial resolution proton-density weighted
images were acquired in the transverse plane covering both breasts completely (TE
1.56 ms, TR 800 ms, FA 8 degrees, FOV 320 mm, 24 slices, acquisition time 50 s,
image resolution 3.9x1.3x4.0 mm). Subsequently, a coronally orientated high spatial
resolution three-dimensional fast low-angle shot series (FLASH 3D) was acquired
(TE 4ms, TR 7.5 ms, FA 8 degrees, FOV 320 mm, 120 degrees, acquisition time
86 s, image resolution 0.67x0.67x1.3 mm). Then, 22 high temporal resolution Tlweighted series (turboFLASH) were obtained, with identical spatial resolution and
orientation as the proton-density-weighted images (TE 1.56 ms, TR 66 ms, FA 20
degrees, FOV 320 mm, 24 slices, acquisition time 4.1 s each). During this recording,
0.2 mmol/kg body weight of gadopentetate dimeglumine (Dotarem; Guerbet, The
Netherlands) was administered with a power injector (first Powerinjector, then
Spectris; Medrad, Pittsburg, USA) at 2.5 ml/s and followed by a 15 ml saline flush.
Following these series, the high spatial resolution FLASH 3D series was repeated
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four times. The scan time for the entire protocol was slightly less than 10 minutes,
including the time needed to record localizer images.

Lesion Characterization
OVERVIEW

We developed a computer-aided diagnosis (CAD) system which provides the user
with a suggested ROI for analysis of contrast enhancement dynamics. It also estimates
the probability of malignancy, either with or without user-specified classification of
the morphological features of the lesion according to BI-RADS™. The first part of
our study was aimed at the optimization of the CAD system, in particular mean shift
clustering (MSC) parameters and at the training of a support vector machine (SVM)
classifier, which was used to predict malignancy of an ROI from its features. The
second part consisted of assessing the effect of adding pharmacokinetic modeling
and mean shift parameter optimization. This was done by analyzing the same data set
using both our current CAD system and the previous system, described in reference
12, which lacked these features. Third, we evaluated the performance with the
addition of lesion morphology according to BI-RADS™, as reported by a radiologist
(table I). Fourth, we investigated the iterative training method on which we based
selection of a representative cluster in each lesion.

Mass-like Enhancement

Non-Mass-like Enhancement

Shape

Round, Oval, Lobulated, Irregular

Margin

Smooth, Irregular, Spiculated

Internal Enhancement
Characteristics

Homogeneous, Heterogeneous,
Rim Enhancement, Dark
Septations, Enhancing Septations,
Central Enhancement

Distribution

Focal Area, Linear, Ductal, Segmental,
Regional, Multiple Regions, Diffuse

Internal Enhancement
Pattern

Homogeneous, Heterogeneous,
Stippled/Puntate, Clumped,
Reticular/Dendntic

Table 1. Morphology of a lesion according to the BI-RADS™ standard, used as an indicator of
morphological features in this paper.
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The stages of the current CAD system can be summarized as follows: 1. lesion
delineation, 2. mean shift clustering, 3. classification using an SVM, 4. determination
of the ROI with the highest likelihood of malignancy {Figure 1). To compare the
diagnostic accuracy of the current and previous version of the CAD system, we used
the area under the ROC curve (AUC) using the software package ROCKIT13.

Mean Shift
Cluetwtne

Classification
of I h · Clmtars

Determination
of ROI

Figure 1. Schematic overview of the breast MR lesion characterization system. The lesion is first
semi-automatically delineated (segmented from the background). The delineated lesion area is then
subdivided into contiguous, homogeneous clusters using multivariate mean shift clustering. Each
cluster is assigned a lesion likelihood of malignancy, using a trained classifier based on multivariate
cluster features. The cluster with maximum likelihood of malignancy then characterizes the lesion,
i.e. becomes the ROI of the lesion.

LESION DELINEATION

Most lesions included in this study were manually identified by a single sphere
covering all pathologically enhancing tissue. In some cases, multiple overlapping
spheres were used to obtain a more precise envelope surrounding the lesion. The
lesions were then automatically delineated using an Otsu thresholding filter14,
operating within the (multi-)spherical lesion envelope. Thresholding was performed
on the relative contrast enhancement at the first time point after intravenous contrast
injection (defined under "Classifier Features", below). The Otsu thresholding method
does not presume connectivity between foreground and background. We could
therefore analyze mass-type lesions as well as non-mass-type lesions, which may
consist of several smaller areas of contrast enhancement.
MEAN SHIFT CLUSTERING

To find an ROI with the most suspicious enhancement characteristics, we used a
multidimensional clustering method called mean shift, on normalized data. This
application of mean shift clustering (MSC) was described earlier12. MSC aims to
relate every data point (voxel coordinates as well as parameters) to its nearest mode:
a point of highest local density in feature space. The collection of all data points
that map onto a particular mode is called a cluster. An enhancing lesion can thus
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be segmented into several clusters, and each cluster consists of a three-dimensional
group of neighboring voxels with similar enhancement parameters. The number of
clusters is not fixed beforehand, and depends on the heterogeneity of the parameters.
The feature space could theoretically contain an unlimited number of parameters. An
important property of the mean shift filtering approach to clustering is that it results
in spatially coherent clusters, and there is no fixed number of resulting clusters.
A short review of this method is presented here, we refer to our previous publication12
for a more elaborate description or to a formal discussion of the technique1516 in a
setting of 2D image processing and object tracking in 2D time series.
Given η feature vectors, x, i = 1,..., η in the d-dimensional space 5ld the multivariate
kernel density estimator is given by:

Λ0Ο = -]τΣ*

x-x.

2\

nh ,=,
with fc(x) the profile of a radially symmetric, normalized kernel K, with a single
bandwidth h. A fast method can be derived to compute the mean shift vector m(x):
2\

χ

Σ .£
"Vc(x) =

/=1

x-x,
h

where g(x) is a derivative profile g(\\x\\ ) - -k '(||x|| ). Calculation of the actual density
estimate is not necessary. The mean shift procedure is the iterative process that consists
of successive translations of χ along the local mean shift vector, which is calculated
anew for each iteration. It can be proven that this is guaranteed to converge to a
stationary point for, among others, a Gaussian kernel K. If such a stationary point is
a local maximum, it is termed a mode. The iterative process is limited by a minimum
length of the mean shift vector, m(x) > ε, and by a maximum number of iterations.
The average enhancement characteristics of the ROI can be used
probability of malignancy of the lesion. Averaging of voxel features
is acceptable, since there is a guaranteed degree of similarity within
degree of similarity is adjustable by means of the spatial bandwidth
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how far away similar voxels are allowed to be) and the range bandwidth hi (representing
feature value similarity of voxels). Low bandwidth values generally result in a large
amount of smaller clusters, and high bandwidth values in less but larger clusters.
The range domain was normalized over all lesions in the data set. The smallest
reasonable size of a cluster cluster M was (arbitrarily) set at 3 mm3.
DETERMINATION OF MEAN SHIFT BANDWIDTH VALUES

The bandwidth values hr and hs determine the outcome of the mean shift procedure,
and therefore have an impact on performance of the CAD algorithm. A response
surface (see, for example, reference 17) can be used to estimate the optimal parameter
values with a limited number of experiments since it assists in finding a global
maximum. We evaluated the effect of bandwidth variations using a rotatable centralcomposite response surface design with a central point at (h^hj = (1.0, 1.0) and α =
vZ, see Figure 2. A second order model (the response surface) is fit to the results of
this experiment. If there is a good fit to the model, as determined at the design points

hs
4»
Ì2S

1

0.75

•

•

•

•

•-

4

0.75

1

1.25

Figure 2. Response surface design, used to find local improvements in diagnostic performance
by varying the bandwidth values hr and h. Each dot in this figure represents a combination of
bandwidth values used in an experiment to test diagnostic performance of the classifier.
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using an F-test, the bandwidth parameter values at the maximum of the response
surface will result in improved performance.

Classifier
In order to determine which cluster is most suggestive for malignancy, we use an
iterative training procedure12. The following steps are performed until a repetitive
sequence is reached:
•

Train an initial classifier C from all clusters from all lesions, using linear
discriminant analysis (LDA) and cross validation. This classifier will perform
sub-optimally.

•

Using C , find for each lesion the cluster with the highest probability of
malignancy. From this collection of one cluster per lesion, train a new classifier
C using a support vector machine and cross validation,

•

Iteratively determine classifiers t in a similar way as step 2. Stop when C 11 e
Cj , i.e., a repetitive sequence of classifiers is reached.

In this study, we used a support vector machine (SVM) as the classifier (for example,
reference 18). An SVM does have parameters, and the cost C and kernel width γ need
to be set to obtain acceptable results. These parameters were determined at every
iteration of step 2, above, using bootstrapping and a multi-step grid search". We used
cross-validation to train the classifier.
The best performing classifier was selected from the repetitive sequence t
to
represent the best attainable diagnostic performance, when testing both the current
12
and original methods. Note that this method does not guarantee convergence, only
that there exists a sequence C
This novel "iterative" selection method of a ROI (IsR), uses all classifier features,
and aims to improve on "non-iterative" selection methods, in which a single feature
(e.g. relative enhancement) typically dictates selection. All classification tasks were
performed using the R statistical package, with the SVM implementation from the
20
"el071" package . All features of the classifier were normalized before use.
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CLASSIFIER FEATURES

The relative contrast enhancement (RE) of voxel ν at time point t is defined as:
S/(v,l 0 )
where SI{v,t) is the MRI signal intensity of voxel ν at time t.
The washout in a voxel ν is defined as the slope of the straight line that best fits all
post-contrast relative enhancement values, obtained using linear regression12.
The voxel based features used by the SVM were the relative enhancement at t=t,
washout, and three features obtained using a pharmacokinetic model. In this model,
the MRI signal intensities from the high time resolution series were fitted to a general
exponential signal enhancement model described previously by Huisman et al21 and
originally reported by Kovar et al.22 as the reference tissue method. The features
derived from this model are the transcapillary transfer constant Ktrans, the extracellular
volume fraction V, and the rate constant k between extracellular extravascular and
e

ep

plasma spaces. Furthermore, we defined the cluster size fraction SF(C) for each
cluster C and the lesion enhancement heterogeneity EH, defined respectively as:

SFic),^and

"v.l.

where η (c) is the number of voxels in cluster c, η , is the number of voxels in the
lesion and η , is the number of clusters in the lesion. All features were normalized in
the full set of lesions.
Finally, we added for each lesion the following five lesion based features: standard
deviation of RE, washout, K*""5, V, and k .
'

e

ep

In another experiment, several morphological lesion features were added (see Table
1). These consisted of the categorical features as defined in BI-RADS™7, and were
previously recorded by a radiologist experienced in the evaluation of breast MRI
studies.
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Results
Patient data
From all breast MRI examinations performed between 2003 and 2009, 247 lesions
in 177 patients were included according to the inclusion criteria of this study. Table
2 shows an overview of the types of included lesions. Out of the 247 lesions, 63%
was malignant, and 37% benign. The "other" categories included pathology such as
a malignant apocrine carcinoma or a radial scar, and a benign case with scar tissue
after breast conserving therapy. The data set in our study contained only one of these
unusual unknown lesions.

Malignant Lesions

Benign Lesions

Invasive Ductal Carcinoma

71

Fibroadenoma

32

Invasive Lobular Carcinoma

27

Fibrosis

14

Ductal Carcinoma in situ

39

Complex Cyst

4

Metastasis of Non-breast Ongiin

4

Adenosis

7

Adenocarcinoma N.O.S.

12

Unknown (Follow-up)

30

Other

3

Other

5

Total malignant

155

Total Benign

92

Table 2. Distribution of lesion histology :in the data set.

LESION C H A R A C T E R I Z A T I O N

The Otsu thresholding filter correctly delineated virtually all lesions. In a few cases,
part of a large blood vessel was included in the segmented lesion. In this study, these
were not removed before further processing was done. The influence of an included
vessel was, however, much reduced by the previously described envelope around the
lesions.
The response surface for bandwidth variations around the center (h r , h.) = (1.0 , 1.0)
showed a maximum at (h r , h.) = (0.94 , 0.97). There was some lack of fit but this was
not statistically significant (p = 0.23). All further tests and performance analyses were
therefore done using (h r , hj = (0.94 , 0.97).
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Figure 3. Receiver operator characteristic curves of three experiments. A: classifier with features
based on relative enhancement, washout, K1""", V and Kt (black line, AUC=0.83); B: similar to A,
with added BI-RADS™ morphology features as obtained from a radiologist's assessment (red dotted
line, AUC=0.84); C: classifier with features based on relative enhancement and washout only (blue
dashed line, AUC=0.75).

The diagnostic performance of this method, based on all enhancement features
is indicated by the solid black line (A) in Figure 3. The AUG is 0.83, with a 95%
confidence interval (95%CI) of 0.77-0.88. The dashed blue line (C) shows the results
12
of a previous implementation , when bandwidth optimization or features from
pharmacokinetic modeling were not included; the AUG is 0.75 (95%CI of 0.680.81), which is significantly lower (p=0.029). The dotted red line (B) indicates the
performance when the morphology assessments by the radiologist are included in
the classification of the lesions. The AUG is 0.84, with a 95% CI of 0.78-0.88. There is
a slight increase in performance when compared to the analysis of all enhancement
kinetics only. The difference is, however, not statistically significant (p=0.40).
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Figure 4. Overview of the automatic contrast enhancement analysis. Subtraction image at t=tl
with an irregular, heterogeneously enhancing lesion in the right breast. The smaller images below
illustrate the steps taken by the mean shift clustering algorithm. The top left image shows the Otsu
delineation result for the same slice as the large image above. The second to sixth column show color
representations of the five image features: relative enhancement, washout, K1""", k e , and V. The top
row shows color overlays of the native parameter values, the middle row shows the results after the
mean shift filtering step, and the bottom row the results after clustering. The bottom left image is
color coded according to cluster number. Information from three spatial dimensions as well as from
allfivefeatures is combined in these steps, this sometimes results in surprising cluster contours. Note
that although the average value in each cluster may be unique for each feature, the cluster contours
are equal for each feature.
An example of m e a n shift clustering steps is given in Figure 4.
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Conventional, non-iterative selection of the ROI based on the highest relative
enhancement at t=tl resulted in an AUG of 0.66 (95% CI 0.59-0.73), significantly
lower than when using iterative selection (p<0.001). Selection of the representative
cluster in each lesion based on steepest washout yielded the highest AUG when
iterative selection was not used (0.75, 95% CI 0.68-0.81). This, too, was significantly
lower than when using iterative selection (p=0.035).
Histograms of the absolute value of the ROI size, as well as the ROI fraction of the
entire lesion, are shown in Figure 5. The size of the ROI varied greatly (3-634 mm3,
sd 66 mm3), with the largest number ROIs measuring 4 to 5 mm3. ROI size depended
on homogeneity and lesion size. For example, a complex cyst consisted of just one
cluster. The effect of increasing the smallest cluster size (M) was not examined in this
study.
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Lesion Size ' ROI Size

Figure 5. Truncated histograms of ROI size. These are shown both absolute (A) and relative to
lesion size (B). The two histograms show the size and relative size of the ROI, in other words, the
most suspicious cluster. Notice that in histogram B, showing the inverted relative size, the lesion
size does not affect the shape of the histogram.
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Discussion
This paper describes a method of cluster-based analysis of enhancement kinetics in
breast MRI lesions. It was shown that optimization of mean shift bandwidth values
h and h , together with inclusion of additional features based on pharmacokinetic
modeling significantly improve performance. It was further shown that the multifeature iterative selection of the ROI (IsR) performed significantly better than choosing
the cluster with a conventional, non-iterative method (e.g, using the strongest
enhancement). Finally, the addition of morphological lesion characteristics to the
classifier may improve diagnostic performance, but contrary to our expectations, the
observed difference with the kinetics-only technique was not statistically significant.
The current method of lesion delineation, by means of Otsu thresholding, allowed us
to analyze masses and non-masses, and led to a satisfactory segmentation in almost
every case. Automated rejection of included large vascular structures, could be
implemented using methodology such as proposed by Lin et al23, or a fuzzy C-means
based approach24 could be combined with Otsu thresholding to further improve
delineation results.
Mean shift clustering (MSC), as used in our study, is a method without a specific
statistical model, and results in a number of spatially coherent clusters. Only two
bandwidth values need to be set for this clustering method, and these depend on the
characteristics of the feature space. Multidimensional clustering of MRI images has
been used for a long time, particularly in other fields such as neuroradiology25. More
recently, several approaches to clustering have been used for breast imaging as well.
In 2003, Jacobs et al.26 published a study in which multispectral ISODATA analysis
of breast MRI studies separated benign and malignant lesions from adipose and
glandular breast tissue. Their method, based on K-means analysis, separated lesion
from normal tissue quite reliably, but it did not do so well on classification of the
lesion as benign or malignant. In 2006, Forbes et al.27 descibed a clustering method
based on a K-component Gaussian mixture model. They selected a region of interest
based on the class (cluster) with the highest signal intensity difference at the peak of
the enhancement curve. Chen et al.28 used fuzzy C-means methodology to obtain a
set of prototypic enhancement curves, after which a characteristic kinetic curve is
selecting using maximum relative enhancement. Clustering has also been described
as an adjunct to regular interpretation by a human reader. Leinsinger et al.29 used
vector quantization to gradually split a lesion into multiple clusters.
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The selection of the most representative cluster of a lesion, once the clustering
procedure has finished, is not an easily solved problem Such a cluster could be
selected from the collection of all clusters in a lesion by using a classifier However,
all supervised classifiers require training data If it is not known which cluster is
representative of each lesion, it is impossible to construct the necessary training
data One way to solve this problem is by using a-priori knowledge about certain
cluster features, in the case of breast MRI this could be the maximum enhancement
at a certain point in time24 27 A disadvantage of this approach is that it neglects all
other information that may be contained in feature space, and that a selected cluster
may not really be representative of its lesion Our approach uses every available
feature, in an attempt to find a cluster which optimally represents its lesion Although
there was no convergence to one single, optimal AUG, our multi-feature iterative
training technique did gradually improve the classifier, and we did show a significant
improvement compared to selection based on relative enhancement or any other
feature used in this paper
Bandwidth selection using response surface methodology is a convenient way to
reduce the number of tests when searching for good values of the bandwidths hr
and hs in the mean shift clustering procedure We present satisfactory results using
this method, but no proof that the best possible bandwidth pair will result Several
techniques exist for data-driven bandwidth selection or optimization of the mean
shift procedure in higher dimensions (e g , referenties 30-32), but none of these are
applicable to this case where the quality of clustering becomes apparent only after a
classifier step Additional research in this area may lead to further improvements of
the mean shift clustering results
The improved multidimensional clustering algorithm presented in this paper
processes the dynamic contrast enhancement only, and our study was mostly aimed
at optimally classifying the results of the clustering process However, since the
assessment of lesion morphology is an important part in the evaluation of a lesion
on breast MRI, we added the BI-RADS™ classifications regarding morphology to
our classifier These additional features resulted in a very slight increase of the AUG,
which was not statistically significant However, the employed morphology features
may not be ideally suited for use in a computer classifier, they were qualitative
assessments of lesion morphology, assigned by a single radiologist Several papers
report good results based on quantitative (morphology) features, extracted from
the MRI images Recently, a CAD system evaluating contrast enhancement kinetics,
spatial enhancement morphology, texture and geometry was presented by Bhooshan
et al" In the differentiation between benign and malignant lesions, their combined
I 142

Accepted pending revision by the Journal of Magnetic Resonance Imaging

Automated Analysis of Contrast Enhancement in Breast MRI

Stoutjesdijk

system results in an AUG of 0.81 (95%CI 0.77-0.85). Their study employs a selection
from a very extensive morphology feature set 3436 . The kinetic features in their study
were calculated based on relative enhancement; no pharmacokinetic modeling was
employed.
Another recent CAD system aimed at discriminating benign and malignant breast
lesions was described by Schabel et al37. They evaluated the performance of a
system based on the transfer constant (Klrans), the efflux rate constant (kc)), and the
volume fractions of extracellular extravascular space (v ) and blood plasma (v ). A
population-based arterial input function was used for all patients. An optimal AUG
of 0.915 (95%CI 0.906-0.924) is reported for a linear classifier that uses Κ and Κ
v

'

ί

trans

ep

as features. This AUG, based on modeled kinetic features only, is significantly higher
than our results, as well as those from Bhooshan et al. This may in part be caused by
a relatively small patient population in the study by Schabel et al. Also, our current
implementation does not remove blood vessels (rarely needed); this was done by
manual intervention in the study by Schabel et al.
Future efforts may also be directed at separating the analysis of mass-type lesions
and non-mass-type lesions, because these types may be best described by different
lesion enhancement features. Further, mostly due to the retrospective nature of
this study, it is possible that inflammatory reaction due to previous core biopsy has
altered lesion enhancement characteristics in a few cases. Finally, the optimization
of the bandwidth parameters was performed on the testing data set. This could have
biased the end results, even though cross validation was used. The application of our
method on other data sets may yield slightly different results. Several of these points
may be of little or no consequence when the current method is implemented in a fully
automated CAD system.
The research was not aimed at evaluating the performance of a radiologist. A study
by Wiener in 200538, in a prospective study on 44 lesions, found an AUG of 0.87.
39
Veltman in 2010 reported an AUG of 0.85. In both studies, the radiologists were
able to evaluate both morphology and enhancement kinetics, and had access to 3TP
modeling of phamacokinetics. These values are not significantly higher than the AUG
associated with our CAD system, which evaluates enhancement kinetics only.
In this paper, we present a method for cluster-based analysis of enhancement kinetics
in breast MRI lesions. This system performs in our experiments with an AUG of
0.83 for the differentiation of benign and malignant abnormalities. We further show
that the iterative multi-feature search for the most representative cluster performs
significantly better than a non-iterative method.
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T

HE FIRST QUESTION THAT THIS thesis aims to answer is whether magnetic
resonance imaging (MRI) can be used to periodically examine women with a
hereditary increased risk of breast cancer. The majority of these women are carriers
of a mutation, typically in the BRCA1, BRCA2, or TP53 gene. This question was
conceived more than ten years ago, and is answered in this thesis with a retrospective
cohort study' that we performed (chapters 2 and 3). We concluded that MRI was
more accurate than conventional mammography, in annual breast cancer surveillance
of women with an increased hereditary risk of breast cancer (i.e., at least 15% lifetime
risk). This is true not only because of the typically denser breasts in these women but
also because some cancers were missed on mammography alone, even with a low or
average density of the breast parenchyma2. Several prospective studies on perdiodic
MRI surveillance of women with a hereditary increased risk of breast cancer3 6 have
been initiated and finished since then, and these confirm our findings.
We then investigated if the reported limited specificity or positive predictive value of
breast MRI1,79, would be a challenge, and if so, if the cause of this limited specificity
is (at least partly) identifiable. The positive predictive value indicates the chance that
something really is wrong, if the test (in this case, breast MRI) indicates that such is
the case. This value is important, because not every finding of a test represents an
actual abnormality. A survey of the literature at the time2·l012 showed that MRI, while
a very sensitive method, would also produce many false positive results. Periodical
surveillance on women with a hereditary increased risk of breast cancer would much
increase the number of examinations, and thus also the clinical importance of higher
specificity. Further, a more recent model investigation regarding mutBRCAl-positive
women13·14 predicts that roughly one-third of all these women screened with just MRI
will have four or more false-positive test results in their life time at the current state
of the art, and this number increases if conventional mammography is added. This
made improvement of specificity a challenge, and a very useful target for further
research.
There was already a fairly large amount of research done on the assessment of breast
abnormalities that enhance after intravenous contrast administration1518, and this
eventually culminated in an MRI chapter in the BI-RADS guidelines19 of the American
Society of Radiologists. These guidelines all depend on the description of the
abnormality, but very limited research was available on the subject of reproducibility
of this description2025. We first evaluated26 the observer variability in reporting
kinetic and morphologic lesions features in breast MRI, and then tried to identify at
least one cause that could be improved upon (chapter 4). Surprisingly, we found a
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considerable variability in the use of most generally accepted terms, including kinetic
features such as late phase enhancement. The preparation of an enhancement region
of interest (ROI) turned out to be a major source of variability in the interpretation
of enhancement curves.
While selection of a reproducible ROI in three dimensions is possible, but quite
hard, when based on just one parameter (e.g., relative enhancement), it becomes
very difficult when two or even more parameters are used. A color overlay could
be based on hue plus either saturation or luminance to indicate two parameters,
but it is nearly impossible to select an ROI from this in a reproducible manner.
Computer Aided Diagnosis (CAD) does not necessarily have this limitation. For
this reason, we developed a multidimensional method27, called mean shift clustering,
for automated determination of an ROI for the analysis of contrast enhancement
in breast MRI (chapter 5). After testing this method, we conclude that mean shift
clustering followed by automated selection of the most suspicious cluster resulted in
accurate ROIs in breast MRI lesions, with an area under the ROC (receiver operator
characteristic) curve (AUG) of 0.88 vs. an AUG of 0.79 for histogram analysis, an
alternative method.
In the ongoing effort to further increase the diagnostic performance of breast MRI,
it has in recent years become apparent that combining morphology and kinetics28,
as well as fast and slow sequences (with high spatial resolution, resp. high temporal
resolution) may yield better results. Technological advances made it possible to run
within one breast MRI study both fast sequences, with very high temporal resolution,
and slow sequences, with very high spatial resolution. A hybrid set of sequences, with
29
both fast and slow components, was used in a study performed by us to determine
if slow, fast or a combination of sequences would result in the best diagnostic
performance (chapter 6). The "fast" sequences had lower spatial resolution, but
offered voxel values of three pharmacokinetic parameters (Ktrans, Κ , and V), using
an estimate of the arterial input function (AIF) for each individual patient. The 3
Time Point (3TP) method (as used in references 30 to 32), for example) determines
these values, but uses a population based estimate (obtained from literature) of the
AIF31'33·34. Pharmacokinetic modeling offers many benefits in general: not only does
it offer new parameters, it also makes the MRI examination independent of scanner
hardware, of intravenous contrast concentration and injection rate, and of each
patients cardiac physiology like cardiac output and distribution volume. The 3TP
takes away the last advantage from this list, but it does offer the parameters Ktrans, Κ
en V when only high spatial "slow" sequences are available.
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Thefinalpaper35 in this thesis (chapter 7) involves an important improvement on the
CAD system presented in chapter 5. We depended much less on user interaction while
delineating the lesion, we used a stable optimization of the mean shift parameters by
means of a response surface36, we used pharmacokinetic modeling37, and we used
another computerized classifier (a so-called Support Vector Machine). Delineation
was done fully automatically, but only after an operator had placed a bounding sphere
around the tumor, i.e., the entire tumor would fit within the sphere. A mean shift
clustering procedure was then started on the lesion. A multi-step procedure was then
used to find the ROI from the list of clusters that was found in the previous step. On
247 abnormalities, including non-mass lesions, this method had an AUG of 0.83,
which slightly increased to AUC=0.84 when simple morphological data were added.
This is slightly lower than the initial version, but that was a much smaller group of
lesions92 and mass-like abnormalities only, as well. A prospective study by Wiener in
200538 on only 44 lesions, with morphology and 3TP pharmacokinetics available to
radiologists, mentioned an AUG of 0.87, with wide error bounds. A study by Veltman
et al.29 among 102 cases mentioned an average AUG 0.85, while radiologists had both
morphology and 3TP pharmacokinetics available as well. Finally, Booshan et al.39
recently reported an AUC=0.84 for a very extensive CAD system. None of these
values were significantly different from ours.
These three observations compensate partly for the lack of a prospective, multicase multi-reader study, in which the diagnostic performance of radiologists
and an integrated CAD system is evaluated. They promise even better results,
once computerized analysis of morphology is added to the enhancement analysis
described above. At that time, the performance of our CAD system may surpass that
of a radiologist not specialized in breast diagnostics.
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Conclusions

•

Breast MRI can be used for periodical surveillance of women with
hereditary increased risk of breast cancer.

•

Magnetic resonance imaging of the breast suffers from limited specificity
of breast MRI, partly caused by the inter-observer variability in the
placement of the region of interest (ROI) for pharmaco-kinetic analysis.

•

Mean Shift Clustering with Iterative ROI Selection is a feasible technique
in computer aided diagnosis to automatically place the ROI and obtain a
probability of malignancy, especially if expanded with pharmacokinetic
modeling.
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E EERSTE VRAAG DIE IN dit proefschrift wordt beantwoord, is of magnetic
resonance imaging (MRI) gebruikt kan worden voor het screenen van
vrouwen met een familiair gebaseerd verhoogd risico op het krijgen van borstkanker.
De meeste van deze vrouwen zijn draagsters van een genmutatie, veelal in BRCA1,
BRCA2, of TP53. Deze vraag werd meer dan tien jaar geleden gesteld en wordt in dit
proefschrift beantwoord door het verrichten van een retrospectieve cohort studie1
(hoofdstuk 2 en 3). We hebben kunnen concluderen dat bij jaarlijkse controle van
vrouwen met een verhoogd risico op borstkanker (d.w.z. minstens 15% lifetime risk,
of risico gedurende het leven), MRI gevoeliger is dan conventionele mammografie.
Dit komt niet alleen door het vaak dichtere borstweefsel bij deze vrouwen, maar ook
omdat sommige maligniteiten (kwaadaardige gezwellen) in het geheel niet zichtbaar
waren op conventionele mammografie, zelfs niet bij een lage dichtheid van het
borstweefsel2. In de tussentijd zijn verscheidene prospectieve studies verricht naar
periodiek MRI onderzoek voor vrouwen met een verhoogde kans op het krijgen van
borstkanker3 6, en de resultaten hiervan bevestigen de onze.
Door het bovengenoemde resultaat rees de vraag of de beschreven beperke specificiteit
of positief voorspellende waarde (PPV) van MR mammografie1,7'9 problemen zou
opleveren. Vooral werd ook onderzocht wat een belangrijke oorzaak van deze
beperking was. De PPV is gedefinieerd als de kans dat iets in werkelijkheid afwijkend
is, als de test (in dit geval MR mammografie) een afwijking aangeeft. Een onderzoek
van de toen beschikbare literatuur2,1012 heeft laten zien dat MR mammografie, hoewel
zeer gevoelig voor afwijkingen, veel fout-positieve resultaten liet zien. Periodieke
controle van vrouwen met een erfelijke belasting voor borstkanker zou het aantal
MRI onderzoeken flink verhogen, en dus het klinisch belang van een verbeterde
PPV ook veel groter maken. Een meer recent model van Lee et al. 13,14 voorspelt dat
ongeveer een derde van al deze vrouwen, gescreend met alleen MRI, minstens vier
fout-positieve uitslagen zal hebben gedurende hun leven, met de huidige stand van
de techniek (anno 2010). Dit aantal neemt nog toe als conventionele mammografie
wordt toegevoegd. Deze bevindingen bevestigden ons vermoeden, en maakten
verbetering van specificiteit en PPV van MRI van de mammae een bijzonder nuttig
onderwerp voor verder onderzoek.
Er was al veel onderzoek gedaan naar de beoordeling van structuren die aankleuren
na contrasttoediening1518, hetgeen uiteindelijk tot een MRI hoofdstuk in de
BI-RADS™ richtlijn van de American Society of Radiologists leidde19. Alle richtlijnen
zijn echter gebaseerd op de beschrijving van afwijkingen, maar er is slechts weinig
gepubliceerd2025 over de consistentie ("reproduceerbaarheid") van deze beschrijving.
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We hebben daarom eerst de reproduceerbaarheid van de onderzoekers' bevindingen
("observer variability') in MR mammografie onderzocht26 (hoofdstuk 4) We
probeerden daarna een belangrijke oorzaak aan te wijzen van de variabiliteit, welke
verbeterd kon worden We vonden een aanzienlijke variabiliteit in het gebruik van
de meeste algemeen geaccepteerde termen, inclusief kinetische beschrijving zoals
late-fase aankleuring Het plaatsen van het meest representatieve, kleine deel (de
Region Of Interest, of ROI) van een afwijking bleek een belangrijke oorzaak van de
variabiliteit in de beoordeling van de aankleurmgscurve
Het kiezen, of plaatsen, van de ROI in drie dimensies en een belangrijke parameter
van de afwijking (bijvoorbeeld Relatieve Aankeuring) is een uitdaging, maar een
mogelijkheid Het wordt zeer moeilijk wanneer twee of zelfs meer parameters
worden gebruikt Een kleurcodermg op basis van kleurtoon en bijvoorbeeld
verzadiging of helderheid is mogelijk, maar het is bijna onmogelijk om hieruit een
ROI te kiezen op reproduceerbare wijze Computer ondersteunde diagnose (CAD)
heeft niet noodzakelijkerwijs deze beperking Om deze reden ontwikkelden we een
meer dimensionale methode, de zgn mean shift clustering, om automatisch de ROI
te bepalen voor de beoordeling van aankleuring in MR mammogafie27 De methode
werd getest en we kwamen tot de conclusie (hoofdstuk 5) dat mean shift clustering
gevolgd door automatische selectie van het meest verdachte cluster resulteerde in
accurate ROIs in lesies op MR mammografie De oppervlakte onder de ROC-curve
(AUC) was 0,88, vergeleken met een oppervlakte van 0,79 voor histogram analyse,
een alternatieve automatische methode
In de voortdurende strijd om een verbeterde diagnostische waarde van MR
mammografie is door Kuhl in 200528 vastgesteld dat zowel de vorm als de aankleuring
van een afwijking in de borst op MRI van belang zijn, en dat het combineren van
langzame en snelle MRI series (met hoog spatieel resp hoog temporeel oplossend
vermogen) zinvol kan zijn Technologische vooruitgang heeft het gebruik van
zowel snelle als langzame series (sequenties) in een borst MRI onderzoek mogelijk
gemaakt Een dergelijke "hybride" set van MRI sequenties met snelle en langzame
componenten werd door ons gebruikt29 om te evalueren of snelle sequenties, langzame
sequenties, of een combinatie hiervan tot de beste klinische resultaten zou leiden
(hoofdstuk 6) De "snelle" series hadden een lager spatieel oplossend vermogen,
maar boden daarentegen voxelwaarden (een voxel is een 3D pixel) voor drie
pharmacokinetische parameters (K,rans, Kc en V), waarbij voor elke vrouw een
individuele schatting van de artenele input functie (AIF) gebruikt werd De 3
tijdspunt methode ("3TP") methode30 32 bepaalt deze parameters ook, maar gebruikt
in alle publicaties een populatie-gemiddelde van de AIF31 " 34 Het modelleren van
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de pharmacokinetiek biedt over het algemeen meerdere voordelen: niet alleen biedt
het "nieuwe" parameters, het maakt het MRI onderzoek onafhankelijk van scanner
hardware, van het intraveneus contrastmiddel (soort, hoeveelheid en injectiesnelheid),
en van de individuele fysiologie van elke patiënt zoals de cardiac output en het
distributievolume. Dit laatste voordeel geldt niet voor de 3TP methode, maar hierbij
zijn wel de parameters K*™1, Ke en V beschikbaar, zelfs bij beschikbaarheid van
alleen de langzame MR sequenties, met hoog spatieel oplossend vermogen.
Het laatste artikel in dit proefschrift (hoofdstuk 7) beschrijft een belangrijke
verbetering van het systeem voor computer ondersteunde diagnose zoals
gepresenteerd in hoofdstuk vijf.35 We waren veel minder afhankelijk van interactie
met de gebruiker bij het afgrenzen van de lesie, we gebruikten een response surface36
voor een stabiele optimalisatie van de mean shift parameters, we gebruikten een model
van de pharmacokinetiek37, en we gebruikten een andere classifier (namelijk een
Support Vector Machine, SVM). De afgrenzing van de afwijking vond automatisch
plaats, maar de afwijking moest hiervoor eerst in zijn geheel worden omvat door één
of meerdere bolvormige begrenzingen. Een mean shift clustering procedure werd
vervolgens gebruikt om de afgegrensde afwijking in meerdere clusters op te delen,
waarbij de beelden van zowel de "snelle" als "langzame" sequenties werden gebruikt.
Op iteratieve wijze werd vervolgens de ROI gevonden, d.w.z. de lijst met clusters
werd geanalyseerd. Bij 247 afwijkende bevindingen, inclusief "non-mass" lesies, had
deze methode een oppervlakte onder de AUC van 0,83, en 0,84 bij toevoeging van
simpele, niet automatisch bepaalde morphologische informatie. Dit is iets lager dan
de eerste versie in hoofdstuk 5, maar dit was een veel kleinere data set (n-92) met
alleen "mass-like" lesies. Een prospectieve studie door Wiener in 200538 van slechts 44
gevallen, vermeldde een AUC van 0,87 met een grote foutmarge, voor de beoordeling
van MRI mammae door radiologen. Deze radiologen hadden hierbij beschikking
over morphologie en 3TP pharmacokinetiek. Een publicatie door Veltman et al.29
beschreef bij 102 lesies een gemiddelde AUC van 0,85 voor radiologen die beschikking
hadden over zowel modellering van de pharmacokinetiek (3TP) alsook over de vorm
van de afwijking. Tenslotte vond Bhooshan et al.39 een AUC van 0,84 bij de evaluatie
van een zeer uitgebreid systeem voor computer ondersteunde diagnose.
De drie hierboven beschreven bevindingen kunnen deels het gebrek compenseren
aan een prospectieve multi-case, multi-reader studie, die de diagnostiek van
radiologen en een geïntegreerd CAD systeem evalueert. Zij maken een nog beter
resultaat waarschijnlijk zodra computer ondersteunde analyse van de morphologie
van een afwijking wordt toegevoegd aan de beschreven automatische analyse van de
lesie aankleuring. Het is zelfs mogelijk dat dit geïntegreerde systeem voor computer
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ondersteunde diagnose in dat geval beter wordt dan een niet op de mammae
specialiseerde radioloog.
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Conclusies

•

MR mammografie kan gebruikt worden voor de screening van vrouwen
met een familiaire belasting voor borstkanker,

•

MR mammografie wordt gehinderd door een enigszins beperkte
specificiteit, deels veroorzaakt door de inter-observer variabiliteit in
het plaatsen van de region of interest (ROI) voor de beoordeling van de
aankleuringcurve of voor pharmacokinetische analyse,

•

Mean shift clustering met iteratieve ROI selectie is een bruikbare
techniek in computer ondersteunde diagnose om de ROI automatisch
te plaatsen en de kans op maligniteit te schatten, in het bijzonder indien
dit wordt uitgebreid met het pharmaco-kinetisch onderzoek.
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In 2001, Meijers-Heijboer et al. published a paper in the New England Journal of
Medicine, describing research on a management option of women with a high risk
of breast cancer. We submitted a letter, commenting on this paper. This letter was
published and is now presented in this thesis. The abstract of the original paper is
printed gray, below. Our reply is printed normally.

Breast cancer after prophylactic bilateral mastectomy
in women with a BRCA1 or BRCA2 mutation
Meijers Heijboer H, van Geel Β, van Putten WL, Henzen-logmans
SC, Seynaeve C, Menke-Pluymers MB, Barteh CC, Verhoog LC, van
den Ouweland AM, Nienneijer MF, Brekelmans CT, Khjn JG

Abstract
Background Women with a BRC Al or BRCA2 mutation have a high risk of breast cancel and
may choose to undergo prophylactic bilateial total mastectomy We investigated the efficacv
of this procedure in such women
Methods We conducted a piospectne studv of H9 women with a pathogenic BR( Al or
BRCA2 mutation who were enrolled in a hi east-cancer surveillance program at the Rotteidam
Family Cancer Clinic At the time of enrollment, none of the women had a history of breast
cancer Seventy-six of these women eventuali) underwent prophvlaclic mastectomy, and the
other 63 remained under régulai surveillance Ihe ellect of mastectomy on the incidence of
breast cancer was analyzed bv the Cox pioportional hazards method in which mastectomv
was modeled as a time-dependent emanate
Results No cases of breast cancel were observed after prophylactic mastectomy after a mean
(+/-SF) follow up ot 2 9-17-1 4 years, whereas eight breast cancers developed in women
under regular suiveillance alter a mean follow up ot 3 0+/ 1 5 yeais (P=0 003, hazard ratio,
0, 95 percent confidence interval, 0 to 0 36) The actuarial mean five year incidence of breast
cancer among all women in the surveillance group was 17+/ 7 percent On the basis of an
exponential model, the yearly incidence ot breast cancer in this group was 2 5 percent The
observed number ol bieast cancers in the surveillance group was consistent with the expected
number (latio of observed to expected cases, 1 2, 95 percent confidence interval, 0 4 to 3 7,
P=0 80)
Conclusions In women with a BRC Al or BRC A2 mutation, prophylactic bilateral total
mastectomv reduces the incidence of breast cancer at three years ot follow-up
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o the Editor. In their article on prophylactic mastectomy in women with a
BRCA1 or BRCA2 mutation, Meijers-Heijboer and colleagues "estimate that 10
to 20 percent of women who choose surveillance will die of breast cancer within 20
years." Our own recent findings1 and those of others2,3 suggest that the inclusion of
MRI in surveillance programs will allow earlier detection of breast cancer in such
women. This approach will most likely result in a lower mortality than the estimate
that Meijers-Heijboer and colleagues make. In studies that compare the efficacy of
options open to women with a hereditary risk of breast cancer, the addition of MRI
to the surveillance program of each woman is therefore essential.
Mark J. Stoutjesdijk, Jelle O. Barentsz
1. Stoutjesdijk MJ, Boetes C, Jager GJ, et al. Magnetic resonance imaging and mammography
in women with a hereditary risk of breast cancer. J Natl Cancer Inst 2001;93:1095-102.
2.

Kühl CK, Schmutzler RK, Leutner CC, et al. Breast MR imaging screening in 192 women
proved or suspected to be carriers of a breast cancer susceptibility gene: preliminary
results. Radiology 2000;215:267-79.

3. Tilanus-Linthorst MM, Obdeijn IM, Bartels KC, de Koning HJ, Oudkerk M. First
experiences in screening women at high risk for breast cancer with MR imaging. Breast
Cancer Res Treat 2000;63:53-60

The authors reply:
( ) We jgieewithOliitelal andSloutiesdijkand Barents/ Lhat the application of sensi live MRI methods
in a standaid simeillance piogram might impro\c s u m u i l , but hard data arc lacking ( )
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1

Profanity is the one language that all programmers understand

2

The presence of washout on an MRI of a breast tumor is more difficult
to ascertain than one might think (This thesis)

3

For breast MRI tumors, the reduction of the number of descriptive
terms combined with proper training in their use, will probably lead to
improved interpretation results (This thesis)

4

A region of interest in a breast MRI tumor that consists of contiguous
voxels is more representative of tumor physiology than several voxels
scattered throughout the tumor (This thesis)

5

Multi-feature, iterative selection of the region of interest in breast MRI
leads to better results than a selection based on only one MRI image
feature (such as the relative enhancement of the tumor's signal intensity)
(This thesis)

6

The European Commission's proposal to exempt MRI from the limit
values in Directive 2004/40/EC would result in a continued high level of
care Magnetic resonance imaging is an essential modality in radiology
but like all medical imaging it should be used with care This care,
together with existing regulations, is sufficient to eliminate any harmful
effects of electromagnetic fields to either workers or patients

7

In politics, communication trumps content But well done is better than
well said

8

Although the recent liberalization of the Dutch health care system
should have resulted in less rules and laws, the number of regulating
sections of the law has increased by 230 percent The liberalization,
therefore, causes health professionals to spend less time at what they
are good at health care

9

It does not matter how slow you go so long as you do not stop
(Confucius)

10 Before joy and anger, grief and pleasure issue forth, the essence of the
mind is transparent and contains absolutely nothing (Issai Chozanshi)
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This work covers research on the application of breast MRI and on computer
aided diagnosis (CAD), aimed at improving the accuracy of the imaging
interpretation.
First, a study is described that was designed to answer whether magnetic
resonance imaging (MRI) can be used to periodically examine women with
a hereditary increased risk of breast cancer. MRI appeared more accurate
than conventional mammography, when used in annual breast cancer
surveillance ofwomen with an increased hereditary risk of breast cancer.The
thesis then describes the observer variability in reporting lesion features,
including an approach to improve it. Surprisingly, a considerable variability
was found in the use of most generally accepted terms. The preparation of
a region of interest for analysis of contrast enhancement turned out to be
a major source of variability in the interpretation of enhancement curves.
Technological advances made it possible to run both very fast imaging
series and slower, high-definition series, within the same breast MRI study.
Such a hybrid set of series was used in a clinical study performed by us to
determine if slow, fast or a combination of series would result in the best
diagnostic performance. We concluded that a combination of series yielded
the best results. Next is the description of a method for automated analysis
of contrast enhancement in breast MRI (mean shift clustering followed by
iterative selection of the region of interest). Finally, an improvement of our
CAD method is described.
This thesis describes that:

H

1. Breast MRI can be used for periodical surveillance of women with
hereditary increased risk of breast cancer,
2. Breast MRI suffers from limited specificity of breast MRI, partly caused by
the inter-observer variability in the placement of the region of interest
for pharmacokinetic analysis,
3. Our CAD method is a feasible technique to automatically place the
region of interest and to obtain a probability of malignancy, especially if
expanded with pharmacokinetic modeling.

stoutjesdijk.net/thesis
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