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Foreword

Magnetic resonance imaging (MRI) has become a standard breast imaging tool.
Breast MRI is widely accepted as a suitable screening exam for women at high risk
for breast cancer and is often invaluable in the diagnostic setting. Yet despite an
overall increase in understanding of the strengths and applications of breast MRI
and despite increasingly nuanced and evidence-based guidelines, breast MRI tech-
niques, protocols, and indications are not static and may vary from practice site to
practice site. In addition, breast MRI has some limitations: it is an expensive exam
with the potential to impact on overall health-care costs. As well, false-positive find-
ings generated through the MRI exam can lead to additional imaging and biopsy.

Because the field of breast MR continues to evolve, we hope to introduce the
reader to emerging breast MRI techniques and applications even as we offer a com-
plete and thorough review of current breast MRI practice and guidelines. Because
the stakes are high surrounding appropriate MR interpretation, we have also aimed
to provide a book presenting practical tips regarding optimal MR technical param-
eters and pearls regarding study evaluation.

To accomplish these goals, we have organized our book into three themed sec-
tions. The first section focuses on MRI techniques with the goal of detailing the
parameters of breast MRI from standard sequences to up-to-date, cutting-edge
techniques. The second section reviews accepted indications for breast MRI and
analyzes the available evidence-based support for these indications. The third sec-
tion focuses on specific MRI findings, interpretation strategies, and management
of breast MRI findings. Throughout this book, the authors contextualize contro-
versies and debates within the field. The chapter authors provide both national and
international perspective on these topics.

New York, NY, USA Samantha L. Heller and Linda Moy
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Part I
Techniques



Chapter 1
Breast MRI Technique

Habib Rahbar, Roberta M. Strigel, and Savannah C. Partridge

Abstract Although there is no single standard protocol for breast MRI acquisition,
high quality breast MRI generally requires use of a dedicated breast MRI coil and
adequate (> 1.5 T) magnetic field strength. Currently, breast MRI requires
gadolinium contrast agent administration for cancer detection and a dynamic
acquisition (dynamic contrast enhanced, or DCE, MRI) using a method that allows
for homogenous fat suppression. In order to maximize sensitivity and sensitivity,
MRI protocols must balance spatial and temporal resolution so that important mor-
phologic and kinetic enhancement features can be readily identified. In addition, it
is important to develop an approach that attains consistency, addresses technical
challenges, and minimizes artifacts. Finally, advanced approaches, such as use of
higher magnetic field strength (e.g. 3 T) scanners, diffusion weighted imaging, and
MR spectroscopy present unique opportunities and challenges that must be consid-
ered and addressed prior to adoption in routine clinical practice.

Keywords Breast MRI ¢ Technique ¢ Acquisition  Protocol ¢ Spatial resolution ®
Temporal resolution ¢ Artifacts * 3 T ¢ Dynamic contrast enhanced e Fat
suppression

1.1 Introduction

Breast MRI was initially proposed for breast cancer detection in the 1970s [1] using
pre-contrast intrinsic signal properties related to differences in longitudinal (T1)
and transverse (T2) relaxation times exhibited by abnormal breast tissue when com-
pared to normal tissue in vitro [2]. However, MRI use did not gain wide clinical
acceptance until it was demonstrated that breast cancers exhibit higher signal on
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T1-weighted images after the administration of intravenous gadolinium-based con-
trast [3]. Breast MRI is now commonly used for a variety of clinical indications,
which are covered in greater detail in Section II of clinical indications for breast
MRI. In order to maximize the clinical utility of breast MRI, one must carefully
balance patient and equipment factors in order to develop a breast MRI program that
provides consistent, high quality images with superior sensitivity for breast cancer
detection. This chapter discusses the technical considerations that are central to the
performance of quality breast MRI for a variety of clinical indications.

1.2 General Breast MRI Technique Considerations

Despite the increasing utilization of breast MRI for a variety of clinical indica-
tions, there is currently no single standard protocol for image acquisition. Both
the American College of Radiology (ACR) and the European Society of Breast
Imaging (EUSOBI) have set minimum standards for acquisition of breast
MRI. However, each of these guidelines allow for much flexibility in how images
are acquired and what equipment is used. As reflected in these guidelines, there is
consensus that high quality breast MRI acquisition should employ a high spatial
resolution dynamic contrast-enhanced (DCE) protocol with bilateral acquisition
that provides complete coverage of the breasts and axillae using a dedicated breast
MRI coil. The clinical images should include key pulse sequences with appropri-
ate spatial and temporal resolution for assessment of lesion morphologic and
kinetic information and be free of significant artifacts. Such an approach allows
for effective morphologic and semi-quantitative enhancement kinetic feature
assessment of breast lesions, as described in the standardized American College
of Radiology (ACR) Breast Imaging-Reporting and Data System (BI-RADS)
MRI lexicon [4].

1.2.1 Patient Positioning and Comfort

Breast MRI should be performed with the patient positioned prone in the MRI scan-
ner with the breasts pendant in the dedicated breast coils. This allows the breast
tissue to be optimally imaged and findings to be accurately localized by stretching
out the normal fibroglandular tissue elements away from the chest wall. This
approach also has the advantage of increasing the distance of breast tissue from the
heart and lungs, which helps to minimize cardiac and respiratory motion artifacts.
Most commonly, the patient’s arms are raised above her head in order to avoid wrap
artifact; however, some coil designs allow the arms to remain at the patient’s side
yet posterior to the breasts.
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Proper positioning with attention to patient comfort and clear communication
allows breast MRI to be performed efficiently and without the aid of cardiac or
respiratory gating. Maximizing patient comfort can decrease the likelihood of sig-
nificant intra- and inter-scan motion. Common points of discomfort are the face,
ribs, elbows, and sternum, which can be relieved with appropriate placement of
vendor-supplied pads to support the sternum, head, and outer edge of the chest and
cushions and/or pillows to support the hips, and elbows. It may be preferable to
image patients feet first (in the bore of the magnet) rather than head first to decrease
claustrophobia. Patients who have limited range of motion at the shoulder joint
may require imaging with their arms at their sides (along the torso). In such cases,
it may be useful to wrap the arms so that they are fixed in position and increase the
field of view to include the arms to minimize the potential for wrap-around arti-
facts. Finally, specific yet concise instructions and communication allows patients
to anticipate what they will experience while in the scanner, which improves
compliance.

1.2.2 Magnetic Field Strength

Breast MRI should not be performed at low magnetic field (B,) strength and ideally
should be performed with a 1.5 tesla (T) or greater magnet. Higher field strength
allows for increased signal to noise ratio (SNR), which can facilitate acquisition of
MR images that meet general spatial and temporal resolution standards. Over the
past decade, breast MRI is increasingly being acquired clinically at higher field
strength (e.g. 3 and 7 T), which can allow acquisition of high spatiotemporal resolu-
tion images with improved contrast resolution that simply cannot be achieved at
1.5 T. Higher field strength imaging also can decrease scan times; however, there are
technical, physical, and safety challenges posed by 3 T and higher field strength
imaging that need to be addressed. These challenges are discussed further at the end
of the chapter (Imaging at Higher Field Strengths).

1.2.3 Coils

In order to maximize signal, breast MRI should be performed using only dedi-
cated breast surface coils, and preferably using coils with a high number of coil
elements. Having a high number of coil elements allows for parallel imaging,
which is particularly efficient for breast imaging because it can facilitate high
spatial resolution acquisitions in less scan time [5]. Newer MRI systems typically
support 32 or more simultaneous radiofrequency (RF) channels, with 16-channel
phased-array breast coils commercially available [6]. The breasts should be
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stabilized within the coil in the lateral-to-medial direction (for axial acquisitions)
to minimize the effects of motion, such as ghosting artifacts, and degradation of
the subtraction images [7].

1.2.4 Contrast Agent

Although non-contrast MRI techniques, such as diffusion weighted imaging and
MR spectroscopy, have shown early promise for breast cancer detection and charac-
terization, all clinical breast MRIs performed for cancer detection or characteriza-
tion currently require the administration of a gadolinium contrast agent. Chelated
gadolinium has paramagnetic properties that result in decreased T1, T2, and T2*
relaxation times [8]. Thus, fluid-sensitive imaging, such as T2-weighted series,
should be acquired prior to the administration of contrast. Since the decrease in
relaxation from injection of the gadolinium chelate is greatest for T1-weighted
sequences, DCE MRI is performed with T1-weighting. For breast imaging, the gad-
olinium chelate should be injected intravenously at a dose of 0.1 mmol/kg body
weight followed by a 20 mL saline flush at a rate of approximately 2 mL/s using a
power injector. This method both ensures contrast quickly reaches the intravascular
space and allows for consistency in contrast enhancement timing across
examinations.

1.2.5 Primary Imaging Acquisition Plane and Bilateral
Imaging

One of the first decisions when building a breast MRI protocol is to decide on the
primary acquisition plane, which may be the only image orientation acquired
during the exam. Coronal, sagittal, and axial acquisition planes are all accept-
able, particularly because high-quality multi-planar reformats can be recon-
structed from imaging at or near isotropic resolution. Primary sagittal and axial
acquisitions offer more intuitive orientations of the breast when compared to
primary coronal acquisitions. Because the breast is organized anatomically into
segments that extend anteroposteriorly from the nipple, both sagittal and axial
acquisitions allow optimal visualization of these segments since the full antero-
posterior span of the breast is presented on each image. Furthermore, the full
plane of the sagittal images closely correlates with standard mediolateral oblique
(MLO) and medial-lateral (ML) views obtained on x-ray mammography, whereas
the full plane of axial images closely correlates with standard craniocaudal (CC)
views. An additional benefit of a primary axial acquisition plane when compared
to sagittal is that it allows for more natural side-by-side comparison of the breasts
on each image. The authors’ practices perform a primary axial acquisition plane
for this reason, with multi-planar reformats generated in coronal and sagittal
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planes. Primary coronal acquisition is rarely performed because it provides the
least intuitive orientation and thus is not considered further in this chapter.

Regardless of plane of acquisition, bilateral imaging is favored over unilateral
imaging for several reasons. First, bilateral imaging is clinically desirable because
it allows for evaluation of both breasts at an identical post-contrast injection time
point. Bilateral scanning also allows for assessment of symmetry of enhancement,
which is useful for discriminating unique foci and non-mass enhancement lesions
from normal background parenchymal enhancement (BPE). There are also techni-
cal reasons to perform bilateral imaging rather than unilateral imaging for breast
MRI. Because the phase-encoding gradient is typically applied in the left—right
direction to minimize the effects of cardiac motion, images acquired in the axial
plane with unilateral acquisition are more prone to wrap-around artifacts from the
non-imaged contralateral breast [7].

1.2.6 Field-of-View

The appropriate field-of-view (FOV) used for breast MRI depends on the primary
acquisition plane. In general, the smallest FOV necessary to include the entire breast
and both axillae is recommended in order to maximize in-plane spatial resolution
for the same matrix size. For a bilateral axial acquisition plane, the FOV must be
large enough to cover both breasts and axilla in the right—Ieft direction. The appro-
priate FOV for a sagittal primary acquisition plane must account for the entire breast
and axilla in the superior—inferior direction.

1.3 Key Breast MRI Pulse Sequences

A standard breast MRI examination includes multiple acquired sequences, which
typically comprise the following (Fig. 1.1):

(i) Scout or localizer obtained in all three perpendicular planes.
(i) T2-weighted (bright fluid) sequence, most commonly with fat suppression.
(iii) Non-fat suppressed T1-weighted sequence.
(iv) Multi-phase T1-weighted sequences performed before and multiple times after
contrast administration.
(v) Silicone sensitive sequence (if silicone implants are present).

Of the above sequences, the 3-plane localizer, T2-weighted sequence, and
T1-weighted multi-phase (DCE) sequences (including a pre-contrast and an early
and delayed post-contrast series) are required by the ACR Breast MRI Accreditation
Program [9]. Although optional from an ACR accreditation standpoint, most com-
plete breast MR examinations also include a non-fat suppressed T1-weighted
sequence. Furthermore, a silicone sensitive sequence should also be obtained in
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Fig. 1.1 Key breast MRI pulse sequences. Thirty-nine year old woman presents for breast MRI to
evaluate extent of disease for known invasive ductal carcinoma of the left breast (arrow). Basic
sequences include three-plane localizer sequence (a), fluid-sensitive sequence (in this case, fast
spin echo T2-weighted image with fat saturation) (b), non-fat suppressed T1- weighted sequence
(¢), multiphase dynamic contrast-enhanced T1-weighted series with representative pre-contrast (d)
and first post-contrast (e) images presented. Note the enhancing mass (arrow), which represents
the biopsy-proven invasive ductal carcinoma, with susceptibility artifact within, representing a
biopsy marker clip. A silicone-weighted series (f) was also obtained in this woman with pre-
pectoral silicone implants

women with silicone breast implants. The role and optimization of each individual
sequence is discussed in detail below.

For all sequences except the three-plane localizer, the frequency encoding gradi-
ent is applied in the anterior-posterior (AP) direction to minimize artifacts due to
cardiac motion that would project into the breasts and simulate or obscure suspi-
cious enhancement if the phase encoding direction was AP [10]. Thus, for sagittal
acquisition the preferred phase encoding direction is superior—inferior and for
axial acquisition the preferred phase encoding direction is left-right.

1.3.1 Three-Plane Localizer

A scout or three-plane localizer is required on all systems to localize the breasts.
This allows the technologist to select the appropriate FOV for the patient’s anatomy
and scan acquisition plane (FOV considerations are discussed in more detail above).
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1.3.2 T2-Weighted (Fluid-Sensitive) Sequence

A fluid-sensitive, typically T2-weighted, sequence is important for improved char-
acterization of lesions and benign findings in the breast. For example, simple cysts,
lymph nodes, and some fibroadenomas have high signal on the T2-weighted images.
There are multiple acceptable sequence types for fluid-sensitive imaging. The most
common are spin echo (SE), fast spin echo (FSE), and short tau inversion recovery
(STIR) with an inversion time selected to null fat. These sequences are typically
acquired as multi-slice 2D acquisitions because of the long repetition times required
for T2-weighting and resulting longer acquisition times, which are more prohibitive
for three dimensional (3D) imaging [10]. Thus, the T2-weighted images are typi-
cally unable to achieve spatial resolution equivalent to the T1-weighted sequences
in a reasonable scan time with adequate SNR. Most protocols utilizing SE or FSE
technique for T2-weighted imaging also perform fat suppression in order to readily
differentiate bright fluid signal from fat. However, others choose to perform
T2-weighted images without fat suppression because it can allow for acquisition of
higher spatial resolution images and/or decreased scan times.

1.3.3 Non-fat Suppressed T1-Weighted Sequence

If active fat suppression is used for the DCE sequences (discussed below), it is rec-
ommended to perform an additional T1-weighted sequence without fat suppression
prior to the multi-phase T1-weighted sequences. The sequence is fast, provides an
overview of breast anatomy, can aid in assessing the amount of fibroglandular tissue
in the breast, and is helpful in distinguishing fat from water-based tissues (such as
fibroglandular tissue, breast lesions, etc.). Additionally, this sequence can aid in the
identification of fat containing lesions, which is important because lesions contain-
ing fat (e.g. fat necrosis) are typically benign. This sequence should be performed
with similar parameters and spatial resolution as the multi-phase T1-weighted
sequences (as described below), but without active fat suppression, which allows for
comparison of lesion characteristics across all the T1-weighted sequences.

1.3.4 Multi-phase T1-Weighted Sequences

The pre-and post-contrast multi-phase T1-weighted MRI images sequences are the
most important images for identifying and characterizing lesions. It is imperative
that identical scan parameters be used for the multi-phase T1-weighted images so
that image registration can be performed, the pre-contrast images can be subtracted
from the post-contrast images, and signal differences between sequences can be
directly compared. Subtraction images are particularly useful for identifying signal
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from gadolinium contrast agents and are mandatory if active fat suppression is not
utilized so that contrast-enhancement can be readily differentiated from the bright
signal of fat (described further below).

The multi-phase T1-weighted images are used for lesion detection, assessment
of lesion morphology, and evaluation of lesion contrast enhancement over time.
Characterizing lesion morphology, such as shape, margin, and internal enhance-
ment pattern, requires high spatial resolution images with in-plane resolution of
<1 mm to depict fine features, such as lesion margins. Through-plane slice thick-
ness should be <3 mm; however, thinner slices that approach in plane resolution
size (i.e. closer to isotropic) decrease volume averaging in the through-plane direc-
tion, which can increase the contrast of small lesions compared with background
tissue. Additionally, thin slices facilitate higher quality image reformats, eliminat-
ing the need to acquire additional images in different planes (discussed further
below). Conversely, voxel size should not be so small that SNR suffers.

A 3D GRE pulse sequence is preferred for multi-phase T1-weighted imaging
with a short TR. The GRE pulse sequence should be spoiled to avoid any confound-
ing T2 contrast [11]. There are no consensus guidelines for the number of post-
contrast acquisitions or total acquisition time for the multi-phase T1-weighted
sequences, although at least two post-contrast sequences should be performed in
order to allow for the most basic assessment of contrast enhancement kinetic fea-
tures. Invasive cancers typically enhance early, peaking in enhancement approxi-
mately one to two minutes after contrast injection. Although breast cancers more
frequently exhibit initial fast enhancement (increase in signal from pre-contrast to
first post-contrast series of >100 %) and delayed washout (decrease in signal from
first post-contrast to final post-contrast series of >10 %) than benign findings, there
remains substantial overlap in the kinetics of malignant and non-malignant lesions
of the breast [12]. The multi-phase T1-weighted MRI protocol should be con-
structed so that one of the early-phase post-contrast sequences will sample the high
frequency data at the center of k-space (which defines image contrast) between one
and two minutes. This is important to potentially capture the peak enhancement of
invasive cancers, but also to differentiate lesions from benign BPE, which typically
increases over time (Fig. 1.2). For the majority of Cartesian sequences with
rectilinear k-space sampling, the center of the sequence captures the high frequency
data. However, Cartesian sequences with elliptical centric k-space sampling and
other k-space sampling trajectories, such as radial, may acquire the center of k-space
near the beginning of the sequence. Knowledge of the sampling pattern is thus
important to properly time the post-contrast sequences.

1.3.5 Silicone Implants

Silicone, like water, has a longer T2 relaxation time than fat. Thus, on a standard
T2-weighted sequence without fat suppression, water will be brighter than silicone,
which is brighter than fat [13]. For evaluation of silicone implant rupture, it is often
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Fig. 1.2 Lesion conspicuity based on dynamic contrast enhanced (DCE) imaging timing. Early-
phase 3D subtraction MIP images obtained in the early-phase post-contrast between 60—120 s (s)
(a) demonstrates the patient’s outer posterior right breast cancer (red arrow), easily differentiated
from the moderate benign background breast parenchymal enhancement (BPE, blue arrow).
Delayed-phase 3D subtraction MIP image obtained between 420—480 s demonstrates that the can-
cer (red arrow) is less conspicuous because it has begun to washout while BPE (blue arrows) has
increased in both breasts (b). Since in general, cancers tend to washout over time while BPE tends
to increase (c), it is recommended that early phase DCE images be utilized for breast cancer
detection

ideal to have a sequence that suppresses both the water and fat, leaving silicone as
the only material remaining bright on imaging. This is possible using a T2-weighted
FSE pulse sequence with water suppression and an inversion pulse with an inversion
time to null fat [13].

1.4 Balancing Spatial and Temporal Resolution

High spatial resolution and high temporal resolution are typically competing
demands of MR acquisition. High spatial resolution imaging results in longer scan
times, decreasing the temporal resolution. High spatial resolution is critical for
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accurate assessment of lesion morphologic features, but high temporal resolution is
necessary for accurate depiction of lesion enhancement curves over time. Studies
have shown that when forced to compromise, spatial resolution and accurate depic-
tion of lesion morphology is more important to diagnostic accuracy than character-
ization of the signal enhancement curve. Thus, when creating a breast MRI protocol,
spatial resolution is often prioritized over temporal resolution [14].

In general, the compromises between spatial and temporal resolution have
decreased with state-of-the art MR systems and breast coils. The ACR Breast MRI
Accreditation Program [9] requires that the early-phase post-contrast sequence be
completed by four minutes after contrast injection; however, three minutes or less
is most desirable [14, 15] and should be achievable without difficulty on modern
scanners. Parallel imaging is now standard on modern MRI systems and also helps
to shorten scan times [16—19]. There has been much research in recent years to
develop novel accelerated MRI acquisition techniques to provide simultaneously
high spatial and high temporal resolution scans. These include techniques such as
novel k-space sampling schemes and reconstruction using high spatial frequency
k-space data from adjacent time frames (view-sharing) [20-23]. Some of these
methods are being used to obtain hybrid high spatiotemporal resolution imaging
protocols [24, 25], although their exact benefit in the routine clinical setting is not
known.

1.5 Methods of Fat Suppression

Either passive (image subtraction) or active removal of fat from the DCE MR
images is necessary to ensure detection of contrast-enhancement separate from the
bright signal of fat. The benefit of utilizing subtraction for fat suppression is that it
allows for higher temporal resolution as well as potentially more complete fat sup-
pression since it does not rely on B, homogeneity and shimming. Relying only on
image subtraction for detection and characterization of enhancing lesions also has
drawbacks—misregistration resulting from interscan motion can result in “pseu-
doenhancement” and lead to diagnostic errors. Furthermore, subtracted images are
prone to degradation of image quality [26]. Thus, it is the authors’ preference to
perform active fat suppression for the T1-weighted DCE MRI images and addition-
ally perform image subtraction. Using this approach allows an examination to be
interpreted solely from the acquired T1-weighted fat suppressed images if the sub-
traction images are degraded by motion artifact.

Multiple methods exist for active fat suppression, exploiting the small differ-
ences in resonant frequency between lipid and water protons and/or the difference
in T1 relaxation times between adipose tissue and water to suppress the fat signal.
Intermittent fat suppression with a frequency selective fat saturation pulse to elimi-
nate fat signal is commonly employed for T2-weighted SE and FSE sequences and
T1-weighted GRE sequences. Inversion pulses and water only excitation pulses are
also possibilities. More recently, fat-water separation techniques such as two-point
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Dixon based methods [27], including Iterative Decomposition of water and fat with
Echo Asymmetry and Least squares estimation (IDEAL) [28], have become more
common. These methods acquire multiple echo times (two or more) allowing sepa-
ration of water and fat and result in water-only and fat-only images. A longer mini-
mum TR is required to acquire the multiple echo times, thus acquisition time is
longer. However, uniform suppression of fat signal is challenging in breast MRI due
to By inhomogeneity given the complex anatomy and variation in tissue types across
the FOV. Dixon methods improve the robustness of fat removal in the presence of
B, inhomogeneity [29]. Additionally, Dixon methods also provide fat-only images,
eliminating the separate non-fat suppressed T1-weighted MRI acquisition and sav-
ing overall scan time.

1.6 Image Reformats

Subtraction of post-contrast images from the pre-contrast T1-weighted images is
required to remove bright signal from fat (if active fat suppression is not used) so
that contrast-enhancing lesions can more easily be seen. However, regardless of the
use of active fat suppression for the DCE MR images, the use of image subtraction
can be helpful since it removes non-enhancing fibroglandular tissue and other non-
enhancing anatomy (besides adipose tissue), enabling easier visualization of poten-
tial suspicious areas of contrast enhancement. Subtraction images are most valuable
for accentuating enhancing lesions that are evident on the early-phase (for the same
reasons described above) DCE images, but can be performed for any of the post-
contrast sequences by simply subtracting the pre-contrast images’ signal from the
desired post-contrast images. One of the most commonly used subtraction refor-
mats is a 3D subtraction maximum intensity projection (MIP) that is created from
an individual subtraction series (most frequently the first post-contrast DCE series).
The MIP is valuable clinically as an “overview” image that allows for quick assess-
ment of symmetry, BPE, and the presence of suspicious findings.

If the acquired images have sufficient spatial resolution and thin slices, multi-
planar reformats (MPRs) can be performed (Fig. 1.3). MPRs allow suspicious find-
ings to be evaluated in multiple planes, aiding detection and characterization, as
some lesion types such as non-mass enhancement can be at times easier to detect in
a second plane. Also, creation of MPRs eliminates the need to acquire additional
sequences in perpendicular planes, saving overall scan time.

1.7 Attaining Consistency and Addressing Challenges

There are inherent challenges to performing breast MRI that must be addressed to
obtain consistent high quality breast MR examinations. First and foremost, a quality
breast MRI program includes highly trained technologists who regularly perform
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Fig. 1.3 Subtracted maximum intensity projection (MIP) and multi-planar reformats (MPRs) in
a 39 year old patient with biopsy proven left invasive ductal carcinoma (arrows, same patient as
in Fig. 1.1). Patient with biopsy-proven invasive ductal carcinoma (arrow) with evidence of
multifocal malignancy on MIP (a). Known malignancy is evident as a mass (arrow) on the
source first post-contrast T1-weighted dynamic contrast enhanced (DCE), which was acquired
in the axial plane (b). Multi-planar coronal (c¢) and sagittal (d) reformats from the source first
post-contrast DCE image (a) provide improved characterization and localization of the known
malignancy
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breast MRI and are comfortable with appropriate patient positioning and communi-
cation. Protocol sequences and sequence timings should be as consistent as possible
from patient to patient, regardless of breast size or body habitus. However, the FOV
can be adjusted for body habitus for image optimization and reduction of artifact as
needed. Finally, there are technical and physical challenges to obtaining high qual-
ity breast MRI, some of which are accentuated at higher magnetic field strength,
which require attention and are discussed in greater detail below.

1.8 Artifacts

Imaging artifacts can occur in breast MRI scans from a variety of sources. Such
artifacts are important to recognize as they can cause misinterpretation by obscuring
and/or mimicking pathology. Several of the most common artifacts affecting clini-
cal breast MRI are summarized here.

1.8.1 Motion Artifacts

Both physiologic and non-physiologic movement during image acquisition can
cause artifacts. Sources of physiologic motion commonly impacting breast MRI are
blood flow and vessel pulsation, respiration, and cardiac motion. Motion artifacts
propagate in the phase-encoding direction; therefore, the direction of the phase-
encoding gradient must be selected to minimize detrimental effects of such motion
on the diagnostic quality of the images. In order to minimize physiologic motion
artifacts across the breasts, the phase-encoding gradient should be left—right for
axial imaging and superior—inferior for coronal or sagittal imaging (Fig. 1.4).

1.8.2 Misregistration Artifacts

Even slight patient motion during the multi-phase T1-weighted imaging sequences
can significantly compromise image subtraction and associated MIP images,
reformats, and temporal kinetic evaluation. Resulting image misregistration can
create artifacts in subtraction images that simulate suspicious enhancement (i.e.
“pseudoenhancement,” Fig. 1.5). This issue becomes even more pronounced in
protocols with higher spatial resolution. In addition to proper patient positioning
and communication, minimizing overall scan time (e.g. by performing multi-pla-
nar reformats instead of acquiring alternate scan planes) is important to minimize
patient discomfort and motion. Motion correction software may also be helpful to
reduce misregistration [26], but cannot be relied upon alone.
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Fig. 1.4 Cardiac motion artifact evident in the phase encoding direction on 1.5 T MR images in a
38 year old woman with a newly diagnosed invasive cancer in the left breast. Pre-contrast (a) and
initial phase (b) post-contrast T1-weighted MR images (axial primary acquisition) demonstrate
cardiac motion artifact in the phase encoding (right—Ileft, vertical blue arrows) direction in a
44 year old patient with known invasive ductal carcinoma (angled white arrow) in the left breast.
Note that due to gadolinium concentrating in the heart and great vessels, this effect is accentuated
on the post-contrast images (b). Alternate selection of anterior-posterior as the phase encoding
direction could cause the cardiac motion artifact to overlay and obscure much of the lesion and
surrounding area. As a result, it is recommended that the phase encoding direction be left—right
for primary axial acquisitions and superior—inferior for primary sagittal or coronal acquisitions

Fig. 1.5 “Pseudoenhancement” on subtraction MR images resulting from interscan patient motion
in a 49 year old woman presenting for high risk screening due to personal history of treated breast
cancer and BRCA mutation. Subtraction image (a) created by subtracting the pre-contrast (b) from
the initial post-contrast (¢) 3D T1-weighted fast gradient echo 3 T images demonstrates an appar-
ent rim-enhancing mass in the central right breast (arrow). Direct comparison of the anatomic
landmarks at the same slice number on the source pre-contrast (b) and initial post-contrast (d)
images demonstrates the apparent enhancement is artifactually created by misregistration of nor-
mal non-enhancing signal (arrows) on T1-weighted images due to mild inter-scan patient motion

1.8.3 Inhomogeneous Fat Suppression

Uniform fat suppression is important for the detection of breast cancer, as the high
signal of fat can hinder detection of enhancing lesions. Inhomogeneous fat suppres-
sion is a common problem in breast MRI and can be due to a variety of factors,
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Fig. 1.6 Inhomogeneous fat suppression due to B, inhomogeneity secondary to suboptimal shim-
ming. Poor fat suppression (arrows) is evident in a 76 year old woman, presenting for breast MRI
to evaluate extent of disease, in the cleavage on the T1-weighted first post contrast series obtained
at 3 T (a). Incomplete fat suppression is noted in the mastectomy bed (arrow) in a 57-year-old
woman presenting for high risk screening on the T1-weighted first post contrast series obtained at
1.5 T (b). In both cases, unique anatomic considerations (pendulous breasts in (a), asymmetry due
to mastectomy in (b)) contributed to pronounced B, inhomogeneity. Patient adaptive shimming
techniques can help decrease these effects

primarily related to inadequate shimming causing B, inhomogeneity or to incor-
rectly selected water center frequency (Fig. 1.6). At higher magnetic field strength
(e.g. 3 T), B, inhomogeneity (discussed more below) can also lead to inhomoge-
neous fat suppression. Fat suppression also can be more challenging in women with
fatty breasts (due to high fat signal relative to water) or pendulous breasts (due to
shimming difficulties for bilateral imaging). Review by the MRI technologist of the
location of water and fat peaks and adjustment, if necessary, of the water center
frequency automatically selected by the system software may improve frequency-
selective fat saturation. Alternate shimming approaches, through manual adjust-
ment of the shim volume or use of advanced higher order shimming techniques,
may improve magnetic field homogeneity and resulting uniformity of fat
suppression.

1.8.4 Metallic/Susceptibility Artifacts

Metallic objects, including biopsy marker clips, chemotherapy ports, jewelry, etc.
can cause disturbances in the main magnetic field, resulting in metallic/susceptibil-
ity artifacts in images (Fig. 1.7). Such artifacts can be helpful (e.g. for confirming
biopsy clip placement) or a hindrance if they are large and may obscure cancer [30].
The degree of magnetic field distortion is determined by the size, shape, and com-
position of the metallic object [31]. Metallic artifacts typically appear as signal
voids, sometimes also accompanied by signal flares in some types of sequences
(e.g. spin echo). Metallic biopsy markers are available in non-ferromagnetic
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Fig. 1.7 Magnetic susceptibility artifacts. Signal void and surrounding incomplete fat suppression
(arrow) due to magnetic susceptibility related to the presence of a port catheter in the superior right
breast on first post-contrast T1-weighted DCE image with fat suppression in a 64-year old woman
during mid-therapy monitoring (a). Signal void in the subareolar right breast (arrow) due to mag-
netic susceptibility related to the presence of a titanium metallic biopsy marker clip from a prior
needle biopsy on first post-contrast T1-weighted DCE image with fat suppression in a 43-year old
woman presenting for breast MRI to evaluate extent of disease (b)

titanium, which cause less distortion than markers made of stainless steel. Use of
titanium markers may be preferable for 3 T imaging, as magnet susceptibility is
greater at higher field strengths. Susceptibility artifacts can be further reduced in
size by using fast spin echo rather than gradient echo sequences, reducing TE, and
increasing readout gradient strength (increasing bandwidth).

1.8.5 Aliasing/Phase Wrap Artifacts

Tissue outside of the prescribed field-of-view can alias and overlay on the opposite
side of the image. This phenomenon is observed in the phase-encoding direction as
MR manufacturers have implemented techniques to automatically suppress image
wrap in the frequency-encoding directions. Because the phase-encoding gradient is
typically applied in the left—right direction to minimize the effects of cardiac
motion, axial images can suffer wrap artifacts of the patient’s arms (Fig. 1.8) if they
are positioned at the patient’s sides, or wrap artifacts from the non-imaged contra-
lateral breast in the case of unilateral acquisitions [7]. 3D acquisitions utilize two
phase-encoding directions and therefore also exhibit phase wrap in the slice-select
direction. Means to mitigate phase wrap include appropriate selection of phase-
encoding direction, widening the imaging FOV to include all tissue in the phase-
encoding direction, applying saturation bands to suppress the signal from outside
the FOV, or phase oversampling (also known as ‘no phase wrap’) techniques.
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Fig. 1.8 Phase wrap artifact in a 57-year old woman presenting for high-risk screening
MRI. Selected image from a T1-weighted fast gradient recalled echo sequence obtained at 1.5 T
demonstrates phase wrap artifact of the left arm (which was positioned along the patient’s torso for
comfort in this woman status post left mastectomy with lymphedema) in the region of the right
axilla (arrow). Note also incomplete fat suppression in the left axilla due to B, inhomogeneity

Other general MRI artifacts that may affect breast MR examinations include
chemical shift artifacts resulting from differences in the resonant frequencies of
hydrogen in fat and water, which causes spatial misregistration between the “fat
image” and the “water image” in the frequency-encoding direction and manifests as
bright or dark bands at fat-tissue interfaces. RF noise artifacts can also occur due to
interference from external RF sources, potentially resulting from inadequate shield-
ing of the scan room during image acquisition.

1.9 3 T Breast MR Considerations

Imaging at higher magnetic field strength holds potential advantages, primarily
related to increased spatial and temporal resolution. As a result, clinical use of MRI
scanners with field strength greater than 1.5 T has increased substantially in recent
years. While clinical scanning has been reported in up to 7 T magnetic field strengths
[32, 33], 3 T is much more readily available [34] and thus merits further discussion.

Scanning at 3 T provides a near doubling of the SNR when compared with 1.5 T,
and this increased SNR can be used to obtain higher spatial resolution images at
comparable imaging times or to shorten imaging times. Breast MR examinations can
also benefit from improved fat suppression because of the greater spectral separation
of fat and water at 3 T. Studies have reported significant improvement in accuracy at
3 T compared with 1.5 T in the same patients for differential diagnosis of enhancing
breast lesions [35] and for assessing extent of disease in ductal carcinoma in situ
[36]. However, specific refinement of breast imaging protocols is required to address
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the technical and safety challenges of imaging at higher field strength. Such chal-
lenges include increased RF energy deposition, increased spatial inhomogeneities of
the main magnetic field (B,) and applied radiofrequency field (B,), and increased
susceptibility effects [34].

1.9.1 Specific Absorption Rate (SAR)

SAR is a measure of radiofrequency (RF) energy deposition that causes tissue heat-
ing. When compared to 1.5 T, SAR for breast MRI increases approximately four
fold at 3 T when imaging parameters are held constant. Parallel imaging is a pri-
mary means to reduce MR imaging times and resulting RF power deposition. Use
of reduced flip angles also directly reduces SAR, but with resulting effects on con-
trast. Additional strategies to mitigate SAR effects require tradeoffs in image acqui-
sition rates, resolution, and slice coverage. Multi-source parallel RF transmission
techniques (e.g. dual-source [37, 38]) may also help to reduce SAR by enabling
greater control of the distribution of magnetic and electric fields produced in tissue,
as well as shortening RF pulse durations.

1.9.2 B, Inhomogeneity

Variations of the main magnetic field can cause magnetic susceptibility effects and
incomplete fat suppression (Fig. 1.6), particularly at the interfaces between soft tis-
sue (breast) and air. Uniform B, throughout the entire field of view is especially
important for T1-weighted gradient echo imaging with fat saturation. B, inhomoge-
neities are more problematic at 3 T than 1.5 T due to increased magnetic susceptibil-
ity at higher magnetic field strengths [39]. Higher order image-based shimming
methods can substantially improve B, uniformity for breast imaging.

1.9.3 B; Inhomogeneity

Variations in the applied magnetic field are also more pronounced at 3 T vs. 1.5 T
due to the higher RF transmit frequency causing standing wave and/or dielectric
effects. B; inhomogeneities cause the applied flip angle and signal measured to be
nonuniform across the field of view, resulting in shading and variations in tissue
contrast depending on location [40]. B, inhomogeneities can be particularly prob-
lematic in breast imaging due to the large field of view required for bilateral imag-
ing and the off-center positioning of the breasts within the transmitting whole-body
RF birdcage coil [41]. Use of 3D imaging and increased flip angles can minimize
such effects and newer dual source parallel RF excitation techniques substantially
improve B; homogeneity for breast imaging [42].
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1.10 Advanced MRI Techniques

Emerging advanced functional MRI sequences such as diffusion-weighted imaging
(DWI) and MR spectroscopy (MRS) can provide potentially useful in vivo measure-
ments of tissue microstructure and metabolism to complement the anatomic and
vascular information provided by conventional breast MRI examinations [43].
These techniques are under investigation to improve disease detection and charac-
terization, but have not yet been widely incorporated into clinical breast MRI proto-
cols and interpretations. There are specific challenges and considerations to
successfully implementing such advanced sequences. Generally, higher field
strength and high performance gradients are advantageous to maximize signal
strength and data quality for advanced MRI techniques. In particular, excellent
shimming and fat suppression are essential to reduce artifacts in both DWI and
MRS. These advanced approaches are described in more detail in a later chapter on
multiparametric imaging.

1.11 Summary

Breast MRI is a widely utilized imaging tool for a variety of clinical indications.
There are multiple ways to achieve high quality breast MR images, and each
approach must be tailored to the specific equipment available. When performed
consistently using a DCE technique that balances spatial and temporal resolution,
achieves homogeneous fat suppression, and minimizes artifacts, breast MRI offers
unparalleled anatomic detail combined with useful physiologic information. The
resulting high quality MR images, paired with interpretations by experienced radi-
ologists, provide the most sensitive imaging test for detection and characterization
of breast cancer.
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Chapter 2
Breast MRI: Standard Terminologies
and Reporting

Dipti Gupta, Lilian Wang, and Sarah Friedewald

Abstract Breast MRI is a highly sensitive imaging modality valuable for screening
women at high risk for developing breast cancer and for diagnostic imaging, includ-
ing evaluation of extent of disease in women with a known breast malignancy. The
ACR Breast Imaging Reporting and Data System (BI-RADS®) developed a com-
mon language to describe MRI findings in a clear and concise manner, which led to
the breast MRI lexicon. The language used in the lexicon not only allows standard-
ized reporting and triggers appropriate management recommendations, but also
facilitates communication between the radiologist and ordering physician.

Keywords MRI ¢ BI-RADS ¢ Lexicon ¢ Standard reporting ® Background paren-
chymal enhancement ¢ Focus ¢ Mass ® Non-mass enhancement ¢ Kinetic curve
Assessment categories

2.1 Introduction

Breast MRI is the most sensitive imaging modality for detection of breast cancer,
with sensitivity cited as ranging from 77 to 100 % [1]. Because of this high sen-
sitivity, screening breast MRI is recommended as an adjunct to mammography
for high risk women. These include women with BRCA mutations and their
untested first degree relatives as well as women with a 20 % or greater lifetime
risk of breast cancer. Women who have received radiation therapy to the chest
between ages 10 and 30 are also considered high risk because of the
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radiosensitivity of developing breast tissue resulting in significant incidence of
breast cancer in this population. Finally, other conditions such as Li Fraumeni
and Cowden syndrome predispose patients to breast cancer and therefore have
been included in the high risk category of patients that would benefit from sur-
veillance with breast MRI [2].

Diagnostic applications of breast MRI include delineating extent of disease in
women with recently diagnosed breast cancer and assessing response to neoadju-
vant chemotherapy. In certain clinical scenarios with equivocal mammographic and
sonographic findings, MRI can help with definitive problem solving. Patients with
a negative mammogram and ultrasound (US) and known breast cancer metastasis to
axillary lymph nodes also benefit from breast MRI due to its high sensitivity in
detection of primary breast cancer.

2.2 MRI Lexicon in BI-RADS® (2013)

The American College of Radiology (ACR) Breast Imaging Reporting and Data
System (BI-RADS®) MRI subcommittee developed a lexicon to describe MRI
findings in a manner that is standardized, clear and concise (Table 2.1) [3]. Similar
to the ACR BIRADS for mammography and ultrasound, use of the standardized
terminology reduces confusion in interpretation and reporting, triggers appropriate
management recommendations, and guides principles of an audit.

The standardized language used in the lexicon facilitates communication between
the radiologist and ordering physician regarding morphologic and kinetic features
of the pertinent findings, and promoting collaborative management.

2.2.1 Amount of Fibroglandular Tissue (FGT)

The amount of FGT correlates with breast density on mammography and is divided
into quartiles. The proportion of fat and fibroglandular tissue varies widely and may
be dependent on the patient’s age, hormonal influences and individual characteris-
tics. While there are substantial individual variations, generally there is a greater
proportion of fat in older women and more FGT in younger women.

The amount of FGT is assessed on TIW imaging with or without fat suppres-
sion and is divided into almost entirely fatty, scattered fibroglandular tissue, het-
erogeneous fibroglandular tissue and extreme fibroglandular tissue (Fig. 2.1). In
contrast to mammography, the amount of FGT does not limit the sensitivity of
breast MRI.
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Table 2.1 American College of Radiology BI-RADS® MRI Lexicon

Amount of fibroglandular tissue (FGT)
Almost entirely fat
Scattered fibroglandular tissue
Heterogeneous fibroglandular tissue
Extreme fibroglandular tissue

Background Parenchymal Enhancement
Level
Minimal
Mild
Moderate
Marked
Symmetric or Asymmetric

Focus
Masses
Shape
Oval
Round
Irregular
Margin
Circumscribed
Not circumscribed
Irregular
Spiculated
Internal enhancement patterns
Homogeneous
Heterogeneous
Rim enhancement
Dark internal septations
Non-mass enhancement (NME)
Distribution
Focal
Linear
Segmental
Regional
Multiple regions
Diffuse
Internal enhancement pattern
Homogeneous
Heterogeneous
Clumped
Clustered ring

Non-enhancing findings
Ductal pre-contrast high signal on T1 W
Cyst
Post-operative collections (hematoma/seroma)
Post-therapy skin and trabecular thickening
Non-enhancing mass
Architectural distortion
Signal void from foreign bodies, clips, etc

Associated features

Nipple retraction
Nipple invasion
Skin retraction
Skin thickening
Skin invasion

a. Direct invasion

b. Inflammatory cancer
Axillary adenopathy
Pectoralis muscle invasion
Chest wall invasion
Architectural distortion

Kinetic Curve Assessment

Initial phase

Slow

Medium

Fast
Delayed phase

Persistent

Plateau

‘Washout

From American College of Radiology: ACR BI-RADS®—MRI, In ACR Breast Imaging and
Reporting and Data System, breast imaging atlas, Reston, VA, 2013, American College of
Radiology, Table 1. Implant section is not included in this table and is covered in Chap. 6

2.2.2 Background Parenchymal Enhancement (BPE)

BPE is the normal enhancement of fibroglandular tissue and should be assessed on
the first set of post-contrast images, which are obtained 90 seconds after contrast
administration. BPE does not necessarily correlate with the amount of fibroglandular
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Fig. 2.1 Amount of fibroglandular tissue. Axial T1 pre-contrast images demonstrate entirely fatty
(a), scattered (b), heterogeneous (c¢) and extreme (d) fibroglandular tissue

tissue. For example, women with heterogeneously or extremely dense breast tissue
counterintuitively may have minimal BPE (Fig. 2.2) and those with scattered fibro-
glandular tissue may have marked BPE.

Due to the masking effects of BPE, there is the potential for decreased lesion
conspicuity. Studies have shown that breast cancers can be detected regardless of
BPE. However, the reduced specificity of breast MRI from BPE may lead to
increased recommendations for follow-up or biopsy [4].

In general, BPE is more prominent during the luteal phase of the menstrual
cycle in pre-menopausal women. As BPE is least prominent during week 2 of
the menstrual cycle, screening breast MRI exams should be scheduled during
this time whenever possible [5]. During weeks 1 and 4, the enhancement is more
avid, and screening breast MRI exams should be avoided. When MRI is per-
formed to assess extent of disease in women with known breast cancer, imaging
should be performed regardless of the timing of the menstrual cycle, to avoid
delay in care.

The level of BPE is divided into minimal (<25 % of FGT enhancement), mild
(25-50 % of FGT enhancement), moderate (>50-75 % of FGT enhancement) and
marked (>75 % of FGT enhancement) Fig. 2.3.

In addition to the level of BPE, it is also important to observe whether BPE is
symmetric or asymmetric. Bilateral symmetric BPE appears as mirror image
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Fig. 2.2 The amount of FGT does not necessarily correlate with the degree of BPE. 54-year-old
woman with heterogeneous FGT (a) has minimal BPE (b)

enhancement which is physiologic and likely related to the vascular supply of the
breast. Preferential enhancement typically occurs in a peripheral and posterior dis-
tribution, creating a “picture frame appearance.” This pattern of enhancement is
suggestive of benign BPE.

Asymmetric BPE, on the other hand, may be due to benign or malignant causes.
Asymmetry denotes more enhancement in one breast relative to the other, and may be
physiologic in a patient who has received radiation therapy, post breast conservation.
The radiated breast has less BPE than the non-radiated breast, possibly due to local-
ized decrease in vascularity from radiation therapy. In the absence of radiation, asym-
metric BPE is suspicious for extensive disease and should be biopsied (Fig. 2.4).

2.2.3 Focus

A focus is defined as a punctuate dot of enhancement which is smaller than 5 mm
and too small for its shape and margin to be accurately characterized (Fig. 2.5). A
focus has no corresponding finding on the pre-contrast scan and is unlikely to have
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Fig. 2.3 Level of BPE. Axial T1 post-contrast subtracted images with minimal (a), mild (b), mod-
erate (¢) and marked (d) amount of background parenchymal enhancement

Fig. 2.4 Asymmetric BPE. Axial T1 post contrast subtracted (a) and axial MIP (b) images dem-
onstrate asymmetric, increased background parenchymal enhancement within the right breast in
this patient with history of left lumpectomy and radiation therapy. Axial T1 post contrast sub-
tracted (c¢) and axial MIP (d) images in another patient demonstrate asymmetric increased enhance-
ment within the right breast compared to the left in this patient with extensive right breast DCIS
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Fig. 2.5 Focus. Solitary punctate dot of enhancement inferior to site of recent surgical excision for
DCIS in the upper central right breast on axial post contrast subtracted (a), sagittal (b) and sagittal
MIP (c¢) images (arrows). MRI biopsy yielded DCIS involving a radial scar and intraductal
papilloma

a correlate on ultrasound. A focus may be benign or malignant and should be evalu-
ated in the clinical context. Tiny foci of enhancement widely separated by normal
breast parenchyma represent BPE and should be assessed as benign. Other features
that support benignity include high T2 signal, persistent enhancement kinetics, and
stability from prior exams. Features of a focus that are more suspicious include low
signal on T2 weighted images, washout kinetics, increased size and interval devel-
opment compared to prior exams.

2.2.4 Masses

As in mammography and ultrasound, a mass is three dimensional and occupies
space. It has a convex outward contour and is usually larger than or equal to 5 mm.
Analysis of the shape, margin and internal enhancement can help differentiate
benign masses like fibroadenomas from invasive breast cancer. The mass should be
assessed on pre- and post-contrast images as well as on T2 weighted imaging.

Masses may be oval, round, or irregular in shape (Fig. 2.6). The descriptor oval
is used for a mass that is elliptical and includes gentle lobulation with up to three
undulations (Fig. 2.7). A round mass is one that is spherical, ball shaped, circular or
globular (Fig. 2.8). By definition, a mass that is neither round nor oval is irregular
(Fig. 2.9).

Margin is the edge or border of the lesion and is an important predictor of the
likelihood of malignancy of a mass. Margins are circumscribed or not circum-
scribed. A circumscribed margin is one that is well defined or sharp, with an abrupt
transition between the lesion and the surrounding tissue (Fig. 2.10). Unlike mam-
mography, for MRI, the entire margin of a mass must be well defined in order to be
characterized as having a circumscribed margin. If any portion of the mass is not
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Oval Round Irregular

Fig. 2.6 Schematic of shape

Fig. 2.7 Mass shape — oval. Post contrast axial (a) and sagittal (b) images demonstrate a 0.8 cm
oval enhancing mass in the left lower inner breast (arrows). MR biopsy revealed breast tissue with
chronic inflammation, histiocytic reaction, and fat necrosis

well defined, the mass is assessed as being not circumscribed. Margin and shape
analysis should be performed on the first post contrast sequence to avoid lesion
washout or progressive enhancement of the background parenchyma. Nunes et al.
reported that 97-100 % of masses with circumscribed margin were benign [6, 7].
The not circumscribed descriptor includes irregular (Fig. 2.11) and spiculated cat-
egories (Fig. 2.12). An irregular margin has edges that may be uneven or jagged and
is suspicious. A spiculated margin has sharp lines radiating from the mass and often
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Fig. 2.8 Mass shape — round. Round mass with circumscribed margins in the upper central left
breast has high T2 signal (a) and uniform rim enhancement on the axial (b) and sagittal (c¢) post
contrast images (arrows), consistent with a benign inflamed cyst

Fig. 2.9 Mass shape — irregular. MRI performed for extent of disease in a 42 year old female with
a biopsy proven invasive ductal carcinoma in the right breast. Axial (a) and sagittal (b) post con-
trast images show an irregular 7 mm enhancing mass (arrows) which corresponds with the known
cancer

indicates malignancy. Masses with irregular and spiculated margins have a high posi-
tive predictive value (PPV) for malignancy, ranging from 80 to 100 % [6, 8].

Internal enhancement describes the enhancement pattern within an enhancing
mass. Homogeneous enhancement is confluent and uniform whereas heteroge-
neous enhancement is non-uniform with variable signal intensity. While heteroge-
neous enhancement is more characteristic of malignancy (Fig. 2.13) and
homogeneous enhancement is more often seen with benign masses (Fig. 2.14),
there is considerable overlap. Small cancers may have homogeneous
enhancement.
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Fig. 2.10 Margin — circumscribed. Oval enhancing mass with circumscribed margins and non-
enhancing internal septations in the right upper outer breast on post contrast axial (a) and sagittal
(b) images (arrows) is consistent with a fibroadenoma

Fig. 2.11 Mass margin: not circumscribed — Irregular margin. Extent of disease MRI shows an
irregular enhancing mass in the right upper inner breast consistent with biopsy proven malignancy
on axial post-contrast image (a) (solid arrow). There are 2 smaller satellite masses (dashed arrows)
extending anterior to the dominant mass (solid arrow) on the sagittal view (b)

Special enhancement patterns include rim enhancement and dark internal septa-
tions. When enhancement is more pronounced at the periphery of the mass, it is
referred to as rim enhancement (Fig. 2.15). Rim enhancement can be seen with
inflamed cysts, which have central T2 hyperintensity, and with fat necrosis, which
demonstrates internal T1 hyperintensity on non-fat suppressed images. A study by
Goto et al. found that while the prevalence of malignancy with rim enhancement is
low at about 25 %, the finding has a specificity of 93 % for carcinoma [9].
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Fig. 2.12 Mass margin: not circumscribed — spiculated margin. A 2.5 cm irregular mass in the right
lower central breast has lines radiating from it forming a spiculated margin as seen on axial (a) and
sagittal (b) post-contrast images (arrows). Biopsy showed invasive ductal carcinoma, grades 2 and 3

Fig. 2.13 Masses: internal enhancement — heterogeneous. Extent of disease MRI in a 29 year old
with invasive ductal carcinoma shows an irregular heterogeneously enhancing mass in the left
upper outer quadrant, consistent with the known malignancy on axial (a) and sagittal (b) post-
contrast images (arrows)

Non-enhancing dark internal septations are most often seen with fibroadenomas,
when associated with an oval, circumscribed, high T2 signal mass with persistent
enhancement kinetics (Fig. 2.16). While dark internal septations support the diagno-
sis of a fibroadenoma, they are not pathognomonic for benignity and should not dis-
suade the radiologist from biopsy of a mass with suspicious morphology or kinetics.
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Fig. 2.14 Masses: internal enhancement — homogeneous. Oval, circumscribed, homogeneously
enhancing mass detected on axial (a) and sagittal (b) screening breast MRI images (arrows) was
biopsied with benign histology

Fig. 2.15 Masses: rim enhancement. Fifty-six year old with a known invasive ductal carcinoma
with tubular features presents as a mass with irregular rim enhancement on axial (a) and sagittal
(b) post-contrast images (arrows). Contrast this with the thin, uniform, rim enhancement of an
inflamed cyst as seen on Fig. 2.8
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Fig. 2.16 Masses: dark internal septations. Oval enhancing mass in the right lower outer breast
with dark internal septations consistent with a biopsy proven fibroadenoma as seen on axial (a) and
sagittal (b) post-contrast images (arrows)

2.2.5 Non-mass Enhancement (NME)

NME is used to describe an area that is neither a mass nor a focus and may extend
over small or large regions. NME appears discrete from the normal surrounding
background parenchymal enhancement. Within the area of abnormal NME, there
may be regions of normal fibroglandular tissue or fat interspersed within the abnor-
mally enhancing components.

Distribution of NME can be described as focal, linear, segmental, regional, mul-
tiple regions or diffuse. A focal area of NME describes a confined area in the breast,
which involves less than a quadrant and is within a single duct system (Fig. 2.17).
Linear NME is enhancement along a single duct which appears as a line (Fig. 2.18)
that may or may not be straight, and may have branches. This pattern of enhance-
ment is suspicious for malignancy, with a PPV ranging from 26 to 58.5 % [10, 11].
Segmental NME is triangular or cone shaped, with the apex of the cone at the nipple
(Fig. 2.19). Segmental enhancement indicates involvement of a duct or ducts and
their branches, and is suspicious for extensive or multifocal malignancy, with a PPV
ranging from 67 to 100% [12]. Linear and segmental enhancement is the most fre-
quent manifestation of DCIS on MRI [13].

Regional enhancement involves a larger area than a single duct system (Fig.
2.20). This distribution may be geographic and spans at least one quadrant. Multiple
regions of non-mass enhancement encompasses at least 2 broad areas separated by
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Fig. 2.17 NME: focal. Sixty year old with biopsy proven DCIS in the left upper outer breast
underwent MRI for extent of disease. The known DCIS presents as an area of focal, clumped NME
on axial (a) and sagittal (b) images (arrows)

9
Kis

Fig. 2.18 NME: linear. Forty-six year old underwent high risk screening MRI which showed a
1.8 cm area of homogeneous, linear NME in the left upper outer breast on axial (a) and sagittal (b)
images (arrows). MR biopsy was significant for DCIS, cribriform, solid, papillary, and micropapil-
lary types, nuclear grade 2, with microcalcifications, necrosis, and lobular extension
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Fig. 2.19 NME - segmental. Markedly abnormal heterogeneous NME in a segmental distribution
involving the right upper outer breast is consistent with biopsy proven invasive ductal carcinoma.
The abnormal enhancement is striking on the MIP images (a) in addition to the axial (b) and sagit-
tal (¢) images (arrows)

normal tissue, and does not conform to a ductal distribution (Fig. 2.21). As this
involves many areas of geographic enhancement, it has a patchy appearance.
Diffuse NME describes similar appearing, widely scattered and evenly distributed
enhancement throughout the breast tissue (Fig. 2.22). Regional, multiple regions
and diffuse NME are more characteristic of benign processes such as proliferative
changes; however, multicentric carcinoma may have this appearance.

NME can be further described using internal enhancement patterns which
includes homogeneous, heterogeneous, clumped or clustered ring enhancement. As
with masses, homogeneous enhancement is uniform and confluent (Fig. 2.18), while
heterogeneous enhancement is non-uniform and random (Fig. 2.19). Clumped enhance-
ment appears as an aggregation of foci with a cobblestone appearance and is suspicious
for malignancy (Fig. 2.23). Clumped NME may appear as a cluster of grapes when it is
focal or may have a beaded appearance when in a linear distribution. Clustered ring
enhancement is also suspicious for malignancy and describes enhancement of the peri-
ductal stroma appearing as rings of enhancement clustered around the ducts (Fig. 2.24).

2.2.6 Associated Features

Associated features include nipple retraction, nipple invasion, skin thickening, skin
retraction, skin invasion, pectoralis muscle invasion, chest wall invasion, architec-
tural distortion, axillary lymphadenopathy and architectural distortion. Associated
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Fig. 2.20 NME - regional. Forty year old with regional enhancement throughout the right outer
breast on the axial (a), axial MIP (b) and sagittal (c) post contrast images, consistent with biopsy
proven DCIS. Suspicious calcifications showed a similar distribution on mammography

Fig. 2.21 NME — multiple regions. Seventy-four year old with history of left lumpectomy for
invasive lobular carcinoma 10 years ago had multiple prior biopsies showing fat necrosis. MRI
shows multiple regions of NME on the axial MIP (a), sagittal post contrast (b, ¢) and axial post
contrast (d, e) images. Second look ultrasound and biopsy was performed, also showing fat
necrosis
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Fig. 2.22 NME — diffuse. Fifty-five year old with history of invasive ductal carcinoma, grade 3 on
skin punch biopsy shows diffuse right breast and skin enhancement on the axial post contrast (a,
b) and MIP (c) images

Fig. 2.23 NME —internal enhancement: clumped. Linear, clumped nonmass enhancement extend-
ing to the nipple from a known malignancy in the upper central left breast as seen on axial (a) and
sagittal (b) post contrast images (arrows). MR biopsy of the anterior extent revealed grade 3 DCIS

Fig. 2.24 NME - internal enhancement: clustered ring. Clustered ring enhancement in the lower
outer right breast on sagittal (a) and axial (b) post contrast images, with associated increased signal
on T2 weighted images (¢) (arrows). This enhancement pattern can be seen with DCIS. MR biopsy
in this case yielded fibrocystic changes and duct ectasia
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features are often seen with suspicious enhancing masses or NME, but may stand
alone as the only finding if no other abnormality is present. These features elevate
the degree of suspicion when seen with other findings and may alter surgical
management as well as staging.

2.2.7 Kinetic Curve Assessment

Dynamic contrast-enhanced MRI (DCE-MRI) allows lesion characterization using
both its morphology as well as contrast enhancement over time. Dynamic measure-
ments of signal intensity are made following contrast administration and plotted
over time to generate enhancement Kinetic curves.

Initial phase enhancement reflects enhancement within the first 2 min or until the
peak enhancement is achieved (Fig. 2.25). Initial enhancement is classified as slow,
medium and fast based on changes in signal intensity from the pre- and first post
contrast sequences (<50 %, 50-100 %, and >100 %, respectively).

Delayed phase enhancement occurs after the first 2 min or after the curve starts
to change, and describes the shape of the curve. Persistent curves show increasing
signal intensity throughout the delayed phase (>10 % increase from peak initial
enhancement), plateau curves remain constant after peak enhancement (+10 % of
initial enhancement) and washout curves show decreasing signal intensity over time
(£10 % of peak initial enhancement).

As cancers have dense, highly permeable vasculature and rapid blood flow,
malignant lesions generally have washout kinetics while benign lesions tend to have
persistent delayed phase kinetics. It is important to note, however, that there is
considerable overlap between kinetic curves of benign and malignant lesions. Kinetic
analysis is only one aspect of lesion characterization. Persistent enhancement

INITIAL DELAYED
Signal

Intensity Persistent

100

Medium Plateau

Fig. 2.25 Kinetic curve assessment
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kinetics are not reassuring in the setting of suspicious morphology, which should
prompt biopsy for further evaluation.

Conclusion Based on the analysis of both the morphologic and kinetic features
of breast lesions as described in the MRI lexicon, appropriate BI-RADS®
assessment category is assigned which in turn triggers appropriate
management.

2.3 Reporting System

The assessment categories used for breast MRI are based on the BI-RADS® catego-
ries developed for mammography. The MRI report should be assigned an ACR
BI-RADS® final assessment code indicating the level of suspicion for cancer and
follow-up management recommendations (Table 2.2).

2.3.1 Category 0: Incomplete — Need Additional Imaging
Evaluation

This category may be used for a technically unacceptable exam or when more infor-
mation is needed from mammography or ultrasound to render a final assessment.
An assessment of incomplete may be useful when the finding on MRI is suspicious
but may represent a benign finding such as a lymph node or fat necrosis, which

Table 2.2 ACR BI-RADS® assessment categories

BIRADS Likelihood of
category Definition malignancy Management recommendation
0 Incomplete N/A Recommend additional imaging:
Mammogram or Targeted US
1 Negative Essentially 0 % Routine breast MRI screening if
cumulative lifetime >20 %
2 Benign Essentially 0 % Routine breast MRI screening if
cumulative lifetime >20 %
3 Probably benign >0 % but <2 % | Short-interval (6-month) follow-up
Suspicious >2 % to <95 % Tissue diagnosis
5 Highly suggestive of | >95 % Tissue diagnosis
malignancy
6 Known biopsy-proven | N/A Surgical excision when clinically
malignancy appropriate

From ACR BI-RADS®-Breast MRI, In ACR BI-RADS® Atlas, Breast Imaging Reporting and
Data System. Reston, VA, 2013, American College of Radiology, Table 5
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could be confirmed on mammography or US, and used to avert a biopsy. Incomplete
assessment should be used very rarely, as there is usually enough information on the
MRI exam to provide the appropriate management recommendation.

2.3.2 Category 1: Negative

This is used for a normal exam, where no abnormal enhancement is present and
routine follow up is recommended. Normal description of breast composition and
degree of BPE should be included.

2.3.3 Category 2: Benign

This is also a normal assessment and routine follow up is recommended. The only
difference from an assessment of negative is that the radiologist describes specific
benign findings such as lymph nodes, implants, cysts, fibroadenomas or biopsy
clips. If benign findings are reported, the assessment category is benign and if these
benign findings are not included in the report (even if they are present), the assess-
ment category is negative.

2.3.4 Category 3: Probably Benign

This category is used for lesions with a <2 % chance of malignancy. Imaging sur-
veillance of these lesions is recommended to avoid the risks and costs of tissue
sampling. BPE should not be recommended for follow up, unless there is a question
of whether the enhancement is related to the hormonal status of the patient or if the
patient is scanned in the suboptimal phase of her menstrual cycle. If the morphol-
ogy, kinetics and T2 signal of a focus or mass are reassuring, then in certain clinical
settings, short interval follow up imaging may be appropriate. There is insufficient
evidence to support follow up of areas of NME at this time. The use of probably
benign assessment on MRI is based on limited data and is discussed in more detail
in Chap. 14.

2.3.5 Category 4: Suspicious

This category is used for the majority of findings that lead to a biopsy recommenda-
tion. The probability of malignancy when a lesion is assessed as suspicious is
between 2 and 95 %. Masses that are assessed as suspicious on MRI, warrant a
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targeted breast ultrasound, and if a correlate is identified, ultrasound guided core
biopsy can be performed.

2.3.6 Category 5: Highly Suggestive of Malignancy

Lesions assessed as highly suggestive of malignancy have a >95 % probability of
malignancy. If the biopsy of a category 5 lesion is benign, the biopsy results are
considered discordant and surgical excision is recommended. As with mammogra-
phy and US, appropriate combination of suspicious findings is needed for a category
5 assessment.

2.3.7 Category 6: Known Biopsy-Proven Malignancy

This category is reserved for cases in which the only pertinent MRI finding is the
previously biopsied cancer, and no other MRI abnormalities needing additional eval-
uation are present. When there are findings other than the known cancer which need
tissue sampling, the overall assessment should be category 4 or 5. The final assess-
ment should be most actionable category as it needs more prompt intervention.
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Chapter 3
MRI and Screening

Sabrina Rajan and Barbara J.G. Dall

Abstract Identifying women at higher risk is a combination of assessment of
family history, genetic testing and review of clinical history. The management of
women at increased risk of breast cancer presents a challenge and includes chemo-
prevention, risk-reducing surgery and intensified imaging surveillance.
Recommendations for imaging surveillance are based on the individual’s risk divid-
ing the population into low, moderate, high and very high risk. MRI has a signifi-
cantly higher sensitivity in comparison to mammography and ultrasound, and this
is not affected by age, mutation status or breast density. Additional cancers detected
by MRI alone are smaller and less likely to involve lymph nodes than cancers
detected by conventional imaging. The majority of invasive cancers demonstrate
typical malignant morphology and enhancement kinetics. However, in a small pro-
portion of high-risk women, cancers may present as a morphologically benign mass
with smooth borders and this emphasises the importance of considering a wider
range of diagnostic features that could represent malignant disease in this group. A
consistent and high quality MRI examination is required, complying with recom-
mendations of a robust quality assurance programme with prospective collection
and audit of data. In the future, personalised screening based on accurate risk
assessment and gene testing in specialised family history clinics will facilitate the
development of a tailored screening programme.
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3.1 Risk Assessment

MRI is an established screening test in women who have a higher than population
risk of developing breast cancer. Identifying women at higher risk is a combination
of three factors; family history assessment, genetic testing and review of clinical his-
tory. Important factors within the family history are young age at onset of disease,
bilateral disease, multiple cases on one side of the family, male relatives with breast
cancer, other related early onset cancers including ovary, prostate and sarcoma.

The highest risk of breast cancer is among women with an inherited predispo-
sition to breast cancer due to genetic mutations of BRCA1 or BRCA2. Birth prev-
alence of BRCAI is 0.07-0.09 % and BRCAZ2 is 0.14-2.22 % and mutations in
these genes account for 5—-10 % of all breast cancers [1]. Among these women, the
cumulative lifetime risk of breast cancer is 50-85 % [2, 3]. The peak decade for
occurrence of breast cancer in these women is 40-50 years [4]. Other genes with
a high risk of breast cancer are TP53 (Li-Fraumeni syndrome) and PTEN (Cowden
and Bannayan-Riley-Ruvalcaba syndromes); these are much less common but
most cases of breast cancer occur between 30 to 40 years and these individuals are
at increased risk of multiple cancers. Genetic testing should ideally start with an
affected individual which is essentially mutation searching. It can then be offered
to adult members of families with a known gene. If a gene has been identified in
a family and a family member tests negative, his or her breast cancer risk drops to
population risk. However in a high-risk family without a known gene, failure to
find a mutation does not reduce an individual’s risk [5].

Careful review of the clinical history including a personal history of breast can-
cer, breast atypia or ovarian cancer must be noted. The greatest risk to women pre-
senting with a breast cancer is recurrence of that breast cancer. They are however
also at increased risk of a second breast cancer, as are women presenting with pre-
malignant conditions such as atypical ductal hyperplasia and lobular neoplasia.
Supra-diaphragmatic irradiation conveys a risk similar to BRCA1/2 mutation carri-
ers; the risk varies with the estimated dose to the breast, age at treatment, and modi-
fying factors such as dose to ovaries and chemotherapy, which are protective. A
number of epidemiological factors convey a modest increased risk and these act
multiplicatively. These include parity, age at menopause, hormone use (oral contra-
ceptive and hormone replacement therapy), alcohol consumption, obesity and breast
density. These epidemiological factors become increasingly relevant in women who
have a family history or a personal history of breast cancer.

3.2 Management Options

The management of women at increased risk of breast cancer presents a challenge.
Women who are mutation carriers have cancer risk management options that include
chemoprevention and risk-reducing mastectomy and salpingo-oophorectomy.
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Prophylactic bilateral mastectomies for such women reduce mortality by more than
90 % [6, 7]. Despite this, the majority of women still opt for intensified imaging
surveillance [8]. The effectiveness of a screening test can be demonstrated by show-
ing that it reduces patient mortality, as opposed to simply increasing lead-time. This
may be inferred from evidence that the screening test detects additional cases of
disease with a reduction in rates of interval cancers and incidence of disease in sub-
sequent screening rounds [9].

A second consideration is the imaging modality utilised for screening, taking
into consideration that the relative cancer risk in women with predisposing muta-
tions is particularly high at younger ages. Mammography is an effective screening
method in the normal population particularly in those over 50 with an overall sensi-
tivity of about 86 % [10]. However, with the early onset of disease in the high-risk
population, there is a need to screen at a younger age where the higher proportion
of glandular breast tissue can result in high density mammograms which have a
reduced sensitivity for malignancy [11, 12]. Although ultrasound is readily avail-
able and relatively inexpensive, it has no evidence-based role as a primary screening
test although, in the United States, ultrasound may be considered in high-risk
women who are unable to tolerate MRI [13]. Contrast-enhanced breast MRI does
not use ionising radiation, which is particularly relevant in this younger age group
with active glandular breast tissue that is more radiosensitive. In addition, MRI
maintains a high sensitivity for cancer detection even in breast with a dense paren-
chymal pattern [14].

3.3 Efficacy of MRI Screening

The greatest challenge in reviewing the evidence on the effectiveness of MRI
screening is the lack of randomised trials. Riedl et al. recently reported on a pro-
spective non-randomised comparison study that offered BRCA mutation carriers
and women with a lifetime risk of breast cancer >20 % annual screening with mam-
mography, ultrasound and MRI [15]. Of the 559 women screened, 40 cancers (inva-
sive n = 26, DCIS n = 14) were identified. The sensitivity of MRI (90 %) was
significantly higher than that of mammography (38 %) and ultrasound (38 %). Of
the 40 cancers, 45 % were detected by MRI alone, 5 % by mammography alone and
no cancers were detected by ultrasound alone. The two cases detected by mammog-
raphy alone were areas of microcalcification representing ductal carcinoma in situ
(DCIS) with microinvasion and DCIS with <10 mm invasive component.
Importantly, age, mutation status and breast density had no influence on the sensi-
tivity of MRI. Similarly, in the Italian multicentre screening study, Sardanelli pro-
spectively compared clinical breast examination, mammography, ultrasound and
MRI in the surveillance of asymptomatic women at high risk of inherited breast
cancer [16]. MRI had a significantly higher sensitivity at 91 % in comparison to
mammography and ultrasound, with 31 % of all cancers detected by MRI only.
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The EVA trial which was a prospective multicentre observational cohort
study based in Germany screened 687 asymptomatic women with a lifetime risk
>20 % [17]. The sensitivity of MRI (93 %) was significantly higher than mam-
mography (33 %) or ultrasound (37 %). Cancer yield by MRI alone was signifi-
cantly higher and this was not significantly improved by adding mammography
and did not change by adding ultrasound. In this study, MRI was not only supe-
rior to mammography for diagnosing invasive breast cancer, but also for DCIS
with more than half of the cases of DCIS diagnosed by MRI only. Whilst there
is concern that the increased detection of DCIS may lead to overdiagnosis, all
cases of DCIS identified on MRI were biologically relevant intermediate or high
nuclear grade. The is because the detection of cancer on MRI is determined by
angiogenic activity that underpins tissue alterations implicated in cancer prolif-
eration, therefore serving as a biomarker for cancer vitality. The only mammo-
graphically detected case of DCIS that was occult on MRI had a low nuclear
grade.

The UK Magnetic Resonance Imaging in Breast Cancer Screening (MARIBS)
trial compared MRI with mammography in a prospective multicentre cohort
study including 649 women with a strong family history of breast cancer or a
high probability of carrying mutations in BRCA1, BRCA2 or TP53 [18]. MRI
was almost twice as sensitive as mammography in this high-risk group and com-
bining both techniques gave an overall sensitivity of 94 % and specificity of
77 %. Despite a high proportion of grade 3 cancers, 52 % were less than 15 mm
in size and 81 % of women with invasive cancer were node negative. Similarly,
Kuhl et al. reported that in patients with a lifetime risk of breast cancer of at
least 20 %, additional cancers detected by MRI alone, were statistically signifi-
cantly smaller and less likely to involve lymph nodes than cancers detected by
mammography and ultrasound [19]. Warner et al. reported on a Canadian pro-
spective observational study that followed 1,275 women with BRCAI or
BRCA2 mutations, of which 445 women underwent annual MRI screening and
830 women in the comparison group were screened with protocols that did not
include MRI [20]. This study demonstrated a stage shift with a significant
reduction in the incidence of advanced-stage breast cancer (stages II-IV) in
BRCA1 and BRCA2 carriers who were in the MRI screening group.

Although there is an association between tumour size and lymph node involve-
ment for most tumour types, this pattern is not invariable. In North America, data
from 276 BRCA 1-related breast cancers demonstrated that there was no consistent
relationship between tumour size and lymph node status [21]. Such cancers grow
faster than non-hereditary breast cancer with the propensity to metastasise to distant
sites through the bloodstream, independent of local lymphatic spread and this con-
tributes to the poorer prognosis associated with BRCA1-related breast cancers. A
national population-based study of Israeli women reported that tumour size had
minimal impact on survival among women with BRCA 1-related breast cancer [22].
If the size-survival relationship is attenuated, then it is unclear how much can be
gained from detecting a cancer when it is small. These findings have important
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implications for evaluating the effectiveness of early diagnosis in BRCA1-related
breast cancers.

In a Norwegian study, Hagen et al. assessed the sensitivity of MRI in compari-
son to conventional screening in the diagnosis of BRCA-associated breast cancer
[23]. In 491 BRCA mutation carriers (BRCA1 n =445, BRCA2 n = 46) screened,
there were 25 cancers detected, with a MRI sensitivity of 86 % and mammography
sensitivity of 50 %. Of note, 20 % of the cancers presented as interval cancers
between scheduled screening investigations, with a mean time of 8.4 months since
the last examination. This higher rate of interval cancers may reflect the underlying
aggressive tumour biology with a shorter doubling time in BRCA 1 mutation carri-
ers, which represented 90 % of the study population. Further analysis of the UK
MARIBS study [18], the Canadian study [24] and the Dutch MRI study [25, 26]
subsequently highlighted subtle differences between BRCA1 and BRCAZ2-
associated breast cancer [27]. In total, 1,275 BRCA1/2 mutation carriers partici-
pated in the studies, with a total of 124 cancers detected. BRCA2 mutation carriers
were diagnosed with relatively more DCIS and Tla/b tumours and fewer interval
cancers in comparison to BRCA1 mutation carriers. The predicted duration of the
preclinical detectable phase was longer for BRCA2 than for BRCA1, which means
that BRCA2 cancers grow more slowly and therefore have a higher probability of
being screen-detected. The differences in the natural history of BRCAl and
BRCA?2 mutation carriers suggest the optimal screening regimen may differ in
both groups.

At present, there is no convincing evidence that annual breast MRI surveillance
reduces breast-cancer specific mortality, especially in women who are BRCA muta-
tion carriers. The Dutch MRI screening study is a non-randomised multicentre pro-
spective cohort study that included 2,157 women with a cumulative lifetime risk of
breast cancer of >15 %, who were screened every 6 months with a clinical breast
examination and annually with mammography and MRI [26]. Within the group,
there were 599 carriers of a pathogenic gene mutation in BRCA1 (n =422), BRCA2
(n = 172) and PTEN/TP53 (n = 5). In the BRCA1/2 mutation carriers who devel-
oped invasive cancer, the cumulative distant-metastasis free survival was 84 % and
overall survival was 93 % at 6 years. In comparison, in the non-mutation carriers
who developed cancer, the cumulative distant-metastasis free survival and overall
survival was 100 %.

In Norway, as part of a national initiative, women with a BRCA1 mutation were
offered annual screening with breast MRI in addition to mammography [28]. The
5-year breast cancer-specific survival for BRCA1 women with cancer was 75 % and
the 10-year survival was 69 %. In addition, the 5-year survival for BRCA1 women
with stage 1 breast cancer was 82 % compared to 98 % in the population based on
the Norwegian Cancer Registry. In an updated analysis that compared the survival
in BRCAL breast cancer cases detected through annual screening with mammogra-
phy and MRI with cases detected through annual screening with mammography
only, although tumours did appear to be downstaged in the MRI series, the expected
survival benefit was not observed [29].
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3.4 Imaging Recommendations

The recommendations below are based on UK National Institute for Health and
Care Excellence (NICE) Familial Breast Cancer Guidance [30] with reference to
imaging recommendations from the Society of Breast Imaging, American College
of Radiology (ACR) [13] and American Cancer Society (ACS) [31]. The European
Society of Breast Imaging also has its own recommendations that will not be
addressed in detail in this chapter [32]. The UK NICE guidance is a comprehensive
document on how to assess an individual’s risk, dividing the population into low,
moderate, high and very high risk and how to manage that risk. Individuals at low
risk are considered to be equivalent to population risk and do not require any spe-
cialist surveillance. They should be reassured, educated about breast awareness and
encouraged to undergo routine screening surveillance. Individuals at moderate risk
and above do benefit from referral to specialist family history clinics. These clinics
provide expert advice using risk assessment models and have access to gene testing
if considered appropriate.

LOW risk: Breast cancer risk between age 40 and 50 years is <3 %, lifetime
risk <17 %

e MRI: NOT recommended for lifetime risk <15 % (UK or ACR) because low
incidence means harm of false positives outweighs benefits of true positives.

e Mammography: 3 yearly from 50 years (UK); opportunity to begin annual
screening between ages 40 and 44 (ACS) and annually from 40 years (ACR).

MODERATE risk: Breast cancer risk between age 40 and 50 years is 3-8 %,
lifetime risk 17-30 %

e MRI: NOT recommended in UK. In the US, MRI may be considered in women
with between 15 and 20 % lifetime risk for breast cancer on the basis of personal
history of breast or ovarian cancer or biopsy proven lobular neoplasia or atypical
ductal hyperplasia (ACR). For US guidelines for women with >20 % lifetime
risk of breast cancer, please see HIGH risk section below.

e Mammography: recommended annually 40-60 years and then 3 yearly (UK);
annually from 40 years (ACR). For US guidelines for women with >20 % life-
time risk of breast cancer, please see HIGH risk section below.

HIGH risk: Breast cancer risk between age 40 and 50 years is >8 %, lifetime
risk >30 %, untested but 20-30 % chance of faulty gene

e MRI: NOT recommended in UK unless there is a personal history of breast can-
cer where it would be advised annually until 50 years. Annual MRI recom-
mended by ACR for women >20 % lifetime risk on the basis of family history
starting at 30 but not before age 25, or 10 years before the age of the youngest
affected relative, whichever is later.

e Mammography: consider annually 30-40 years, recommended annually
40-60 years and then 3 yearly (UK). Annual mammogram recommended by
ACR for women >20 % lifetime risk on the basis of family history starting at 30
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but not before age 25, or 10 years before the age of the youngest affected relative,
whichever is later.

VERY HIGH risk: Lifetime risk 50-85 %, gene positive, untested but >30 %
chance of faulty gene (note that guidelines in the US do not make a distinction
between HIGH risk and VERY HIGH risk groups)

e TP53: MRI 20-69 years, mammography not recommended at any age.

* >30 % equivalent risk of TP53: as for TP53 but reassess at 60 years, if no per-
sonal history of breast cancer then risk of gene is reduced and can be screened as
normal population.

¢ BRCA1/2: MRI and mammography annually 30-49 years; mammography only
50-69 years unless dense breast tissue when MRI should continue (UK). In the
US, annual mammogram and annual MRI starting by age 30 but not before age
25 (ACR).

e >30 % equivalent risk of BRCA1/2: as for BRCA1/2 but reassess at 60 years; if
no personal history of breast cancer then risk of gene is reduced and can be
screened as normal population (UK). In the US, annual mammogram and annual
MRI starting by age 30 but not before age 25 (ACR).

* Supra-diaphragmatic irradiation: the risk is delayed and therefore surveillance
should not start until a minimum of 8 years following treatment. UK recommends
annual MRI from 30 years and annual mammography from 40 years. ACR recom-
mends annual MRI; mammography is not recommended before 25 years.

3.4.1 Higher Risk Screening in Pregnancy

The incidence of breast cancer during pregnancy is estimated to be 1.3-2.4/10,000
live births, which equates to 2—-3 % of total breast cancers. MRI may be useful in the
first trimester, but there are safety concerns around its effects on the foetus, due to
the heating effect, noise and potential toxicity of the gadolinium-based contrast
agent. Later in pregnancy, the capacity of MRI scans to detect small tumours will
fall due to intense background enhancement. The collective expert opinion from
MRI specialists in the UK is that MRI screening during pregnancy and lactation is
not recommended but can be resumed 6 weeks after cessation of breast feeding [33].

3.5 MRI Technique

A consistent and high quality MRI examination is required. In the UK, very high risk
screening has been incorporated into the National Health Service Breast Screening
Programme (NHSBSP) and complies with the recommendations of the Quality
Assurance programme [34]. This ensures that all examinations are performed and
reported to the same high standard and there is prospective collection and audit of
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data. In the US and in continental Europe, there are similarly stringent requirements
for MRI quality control, reporting and documentation [32, 35].

3.5.1 Equipment and Protocols

MRI scanners have high-level maintenance contracts that apply manufacturer’s
thresholds. In addition, weekly quality control tests of signal to noise ratio and sup-
pression effectiveness should be carried out. Training of staff, adherence to protocol
and recording of data are all monitored. A 1.5 T MRI machine is required with a
dedicated breast coil to ensure patient movement is minimised and there is uniform
signal homogeneity across the coils. The scanning parameters should be set up to
image both breasts. High spatial resolution is required to assess lesion morphology
i.e. a slice thickness of <2 mm and in plane resolution of <I mm. To assess lesion
kinetics, high temporal resolution is required with a scan time of <60 s and the scan
should be repeated out to 7 min following the administration of a gadolinium-based
contrast agent (pump injection of at least 0.1 mmol/kg is recommended with a 3 cc/
sec flow rate and a 20 ml bolus of saline). Standard sequences should be set up and
should include the following:

e T2-weighted fast spin echo
» Tl-weighted spoiled gradient echo
» Tl-weighted spoiled gradient echo with fat suppression post-contrast

Attention to the timing of the breast MRI study with respect to the menstrual
cycle is important. There is a higher prevalence of contrast-enhancing lesions dur-
ing week 1 and 4 of the menstrual cycle [36]. Therefore, the examination should be
carried out in the first half of the menstrual cycle, ideally day 616 (in the US, day
7-14), when the background physiological enhancement is less marked [34, 37].
This helps to improve specificity with a reduction in the number of unnecessary
recommendations for biopsy of benign lesions and improve sensitivity by minimis-
ing the likelihood of a subtle lesion being obscured by marked background physio-
logical glandular enhancement.

Data storage is necessary to store the basic examination in a way that ensures that
it can be reprocessed if required in the future. A reporting workstation is required
that allows post-processing of images with creation of dynamic enhancement
curves, interrogation of subtracted images and maximum intensity projections.

3.5.2 Reporting and Image Interpretation

Reporters embarking on MRI screening should be experienced and the UK
NHSBSP and the US ACR requires that each reader should report a minimum of
100 breast MRI examinations per year with double reporting as the gold
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standard in the UK [34, 38]. The MRI is reported in conjunction with the screen-
ing mammogram and review of the previous MRI examinations. The images
should be reported in line with the updated BI-RADS system and conclude with
an MRI score of 1-5 to indicate the level of concern (1 indicating normal and 5
indicating malignant) [39] and in the US in accordance with BI-RADS assess-
ment (ACR) [35].

Schrading and Kuhl have reviewed the MRI features of invasive cancer and
DCIS in women at familial risk and reported the imaging phenotypes of cancers
differ among risk categories [40]. The most frequent finding in women with invasive
cancers was an enhancing mass that exhibited typical malignant features in terms of
morphology (ill-defined margins, irregular or spiculate shape), enhancement pattern
(heterogeneous or rim-enhancement) and the enhancement kinetics (rapid uptake
followed by a plateau or washout of contrast). However, the study also reported that
23 % of invasive cancers appeared as a benign enhancing mass with smooth bor-
ders, a round or oval configuration, homogenous internal enhancement but suspi-
cious enhancement kinetics. Of these cases, 80 % occurred in women at high risk
and documented BRCA1 mutation carriers.

It is increasingly recognised that the imaging features of tumours arising in
BRCA1 mutation carriers differs from the characteristics of sporadic tumours.
Differing tumour biology in BRCA1 carriers with a high grade and high mitotic
activity is associated with rapid growth and reflected in prominent pushing mar-
gins around the tumours [41]. The imaging features of such aggressive lesions
have a more rounded configuration with sharp, smooth margins, which are mor-
phological characteristics that are more commonly attributed to benign lesions
[42]. In contrast, low grade tumours are more likely to incite a desmoplastic
reaction within the surrounding tissue, giving rise to the classical appearance of
a malignant mass with spiculated margins [43]. However, MRI provides addi-
tional functional information with the enhancement pattern and kinetics that
allows the level of suspicion to be raised despite the reassuring benign
morphology.

In addition, Schrading and Kuhl reported that non-mass like enhancement
was the dominant imaging feature of 20 % of invasive cancers and 92 % of
DCIS cases. These lesions do not exhibit a correlate on T1 or T2 weighted MRI
sequences, do not cause distortion of the normal fibroglandular architecture and
do not exhibit space-occupying effects. It is conceivable that this represents
another reason for the lower sensitivity of unenhanced imaging modalities such
as mammography and ultrasound in the detection of familial breast cancer. This
emphasises the importance of considering a wider range of diagnostic fea-
tures that could represent malignant disease in this high-risk group (Figs. 3.1
and 3.2).

The MRI report should include a management plan. This should indicate if a
MR-directed ultrasound +/— biopsy is required and whether an MRI biopsy would
be feasible if the ultrasound is normal. The lesions that do raise concern are a new
mass lesion >5 mm or new isolated area of enhancement >10 mm in breasts which
otherwise demonstrate minimal enhancement [39]. Careful directed ultrasound will
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Fig. 3.1 High risk family history patient with normal mammograms. A suspicious 10 mm well-
circumscribed rounded enhancing mass in the right upper inner quadrant on post-contrast subtrac-
tion images (white arrow) (a) with a morphological correlate on T2 (white arrow) (b). Histology
confirms grade 2 invasive ductal carcinoma

Fig. 3.2 BRCAI positive patient with normal mammograms. An indeterminate area of segmental
stippled enhancement in the lateral aspect of the left breast on post-contrast subtraction images
(white arrow) (a) with no morphological correlate on T2 (gray arrow) (b). Histology confirms
high-grade DCIS

identify about 60 % of these lesions, particularly if there is a mass. Lesions not seen
on ultrasound should have an MRI biopsy with clip placement. Facilities that
perform MRI should be able to perform MRI biopsy or have an established pattern
of referral to a site that can perform these procedures.
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3.6 Limitations of MRI Screening

MRI is more expensive and less readily available in comparison to mammography
and ultrasound. It also requires the use of an intravenous gadolinium-based contrast
agent that may not be suitable for patients with renal disease. MRI may not be fea-
sible for certain women such as those with pacemakers, aneurysm clips or claustro-
phobia [44]. It is important that patients are appropriately counselled and aware of
the methods and frequency of screening investigations, benefits and risks including
the possibility of false-positive and false-negative studies with the development of
interval cancers.

The increased sensitivity of screening with MRI should be considered with
evidence suggesting a 3—5 fold higher risk of patient recall for investigation of
false-positive results [45]. Biopsies that do not yield malignancy are considered
false-positive results and a disadvantage of MRI screening as this generates
unnecessary patient anxiety and has its associated costs in time and money. In the
UK MARIBS study, the recall rate was 3.9 % for mammography and 10.7 % for
MRI with an overall recall rate of 12.7 % combining both techniques. Overall,
there were 8.5 recalls and 0.21 benign surgical biopsies per cancer detected.
Therefore, although the absolute recall rate is high, taking into account the high
annual risk of cancer in this group at high familial risk, the recall and interven-
tion rate per cancer detected are similar to that found in screening the normal
population [46].

In the United States, a multicentre study prospectively evaluated the biopsy rates,
positive predictive value and cancer yield of screening mammography, ultrasound
and MRI in asymptomatic women who were identified as genetically at high risk
including BRCA1/2 carriers or women with at least a 20 % probability of carrying
the gene [47]. Findings on MRI prompted biopsy in 8.2 %, while mammography and
ultrasound prompted biopsy in 2.3 % of patients. The positive predictive value of
biopsies performed as a result of MRI was 43 % with a diagnostic yield of 3.5 % in
comparison to 1.2 % for mammography and 0.6 % for ultrasound. This study dem-
onstrated that although screening MRI had a higher biopsy rate, it did help to detect
more cancers than either mammography or ultrasound. This suggests that MRI is
potentially cost-effective for screening younger women at very high risk of breast
cancer, but less cost-effective for screening populations with a wider risk or wider
age distribution.

False-negative results can occur when the MRI is reported as normal and
fails to diagnose a cancer that is already present. This may be due to a subopti-
mal study causing difficulties in interpretation due to inadequate contrast agent
administration, poor fat suppression or movement artefact. Lesion size and
location can also affect accuracy of interpretation with difficulties arising when
the abnormality is small (<5 mm) or if the lesion is located close to the bound-
ary of the field of view [48]. In some cases, the lesion may be missed or misin-
terpreted by the reader [49].
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3.7 Conclusion

Standardised high quality MRI examinations achieving a high sensitivity, in addi-
tion to available evidence of the efficacy of MRI screening, have allowed expert
opinion to support MRI as a screening test in higher risk women who have been
appropriately assessed in a specialist clinic. It is different from mammographic
screening where the stronger evidence allows it to be applied to a whole population.
Women who are choosing between risk-reducing mastectomy and screening should
be counselled that although the sensitivity of MRI in combination with mammogra-
phy is excellent, it will always be less than 100 %. In addition, some very small
tumours will already be incurable at the time of detection. Women who opt for
screening should be willing to accept the risk of a false negative result as well as the
extra investigations generated by a false positive examination. Ideally in the future,
personalised screening based on accurate risk assessment and the increased avail-
ability and speed of gene testing in specialised family history clinics will facilitate
the development of a tailored screening programme. This may require more inten-
sive screening strategies in some younger women, although the cost benefit of this
in terms of increased surveillance, recalls for further work-up and economics would
have to be considered.
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Chapter 4
MRI and Preoperative Staging in Women
Newly Diagnosed with Breast Cancer

Su-Ju Lee and Mary C. Mahoney

Abstract Breast magnetic resonance imaging (MRI) is well established as the
most sensitive and accurate imaging modality for local-regional staging of breast
cancer. It is superior to clinical examination, mammography and ultrasound, alone
or combined, in delineation of size and extent of tumor, additional sites of disease,
pectoralis muscle and chest wall invasion, nipple and skin involvement, as well as
lymph node metastasis. However, the use of MRI for staging of newly diagnosed
breast cancer has been a subject of intense debate, because the expected clinical
benefits of improved staging by MRI have been called into question. The clinical
outcome literature on the benefits of preoperative MRI shows conflicting results
regarding re-excision rates and local recurrence rates, and the data do not support
a benefit on long-term survival. There are also concerns that preoperative MRI
causes delayed definitive therapy and increased mastectomy rates. This chapter
details the advantages of MRI staging of newly diagnosed breast cancer, discusses
the benefit of MRI staging for a subset of patients and certain clinical scenarios,
and reviews the current literature with respect to the pros and cons of MRI
staging.
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Abbreviations

ADC Apparent diffusion coefficient
AJCC  American Joint Committee on Cancer
ALND  Axillary lymph node dissection

BCT Breast conservation therapy

BPE Background parenchymal enhancement
DCIS  Ductal carcinoma in situ

EIC Extensive intraductal component

ER Estrogen receptor

Her2 Human epidermal growth factor receptor 2
IBC Inflammatory breast cancer

ILC Invasive lobular cancer

M Internal mammary

MIP Maximal-intensity projection

MLO  Mediolateral oblique

MRI Magnetic resonance imaging

NAC Nipple-areolar complex
NME Nonmass enhancement
NSM Nipple sparing mastectomy
PBI Partial breast irradiation
PR Progesterone receptor
SLNB  Sentinel lymph noe biopsy

4.1 Introduction

The TNM system developed by American Joint Committee on Cancer (AJCC) is
routinely used for determination of prognosis and treatment options for breast can-
cer (see Tables 4.1, 4.2, 4.3, and 4.4) [1]. The TNM system categorizes the stage of
disease based on data from the primary tumor (T), regional lymph nodes (N), and
distant metastases (M). Prior to the advent of breast magnetic resonance imaging
(MRY), clinical staging and treatment planning for newly diagnosed breast cancer
were based on clinical examination, mammography, and ultrasound. This is then
replaced by pathologic staging after resection of the primary tumor and lymph node
sampling. Breast cancer biologic markers, including estrogen receptor (ER), pro-
gesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)
also play a role in treatment planning.

Breast MRI is the most sensitive and accurate imaging modality for local-
regional staging of breast cancer [2-7]. It is superior to clinical examination,
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Table 4.1 The American Joint Committee on Cancer staging system: breast primary tumor (T)

X Primary tumor cannot be assessed
TO No evidence of primary tumor
Tis Carcinoma in situ

Tis (DCIS) | Ductal carcinoma in situ

Tis (LCIS) | Lobular carcinoma in situ

Tis Paget’s disease of the nipple not associated with invasive carcinoma or
(Paget’s) carcinoma in situ (DCIS and/or LCIS) in the underlying breast parenchyma
Tl Tumor <20 mm in greatest dimension

Tlmi Tumor <1 mm in greatest dimension

Tla Tumor >1 mm but <5 mm in greatest dimension

T1b Tumor >5 mm but <10 mm in greatest dimension

Tlc Tumor >10 mm but <20 mm in greatest dimension
T2 Tumor >20 mm but <50 mm in greatest dimension
T3 Tumor >50 mm in greatest dimension
T4 Tumor of any size with direct extension to the chest wall and/or to the skin

(ulceration or skin nodules)
Note: Invasion of the dermis alone does not qualify as T4

T4a Extension to the chest wall, not including only pectoralis muscle adherence/
invasion
T4b Ulceration and/or ipsilateral satellite nodules and/or edema (including peau

d’orange) of the skin, which do not meet the criteria for inflammatory carcinoma
T4c Both T4a and T4b
T4d Inflammatory carcinoma

Source: Edge et al. [1] (Used with the permission of the American Joint Committee on Cancer
(AJCC), Chicago, Illinois)

mammography and ultrasound, alone or combined, in delineation of the size and
extent of tumor, additional sites of disease, pectoralis muscle and chest wall inva-
sion, nipple and skin involvement, as well as lymph node metastasis. The ability
of MRI to assess the size and extent of the index tumor and to identify additional,
otherwise occult disease of the index and contralateral breasts has added sensitiv-
ity and complexity to clinical staging and surgical planning.

4.2 Size and Extent of Index Tumor

All published studies show that breast MRI is the most accurate imaging tool for
evaluation of the size and extent of breast tumor [2—7]. Lesion size as determined by
MRI correlates best with the pathologic size assessment among all imaging modali-
ties (Fig. 4.1), although overestimation and underestimation do occur. MRI may
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Table 4.2 The American Joint Committee on Cancer staging system: breast regional lymph nodes

MN)

Clinical

NX Regional lymph nodes cannot be assessed (e.g. previously removed)

NO No regional lymph node metastases

NI Metastases to movable ipsilateral level I, IT axillary lymph node(s)

N2 Metastases in ipsilateral level I, IT axillary lymph nodes that are clinically fixed or

matted; or in clinically detected® ipsilateral internal mammary nodes in the absence of
clinically evident axillary lymph node metastases

N2a | Metastases in ipsilateral level I, IT axillary lymph nodes fixed to one another (matted) or
to other structures

N2b | Metastases only in clinically detected® ipsilateral internal mammary nodes and in the
absence of clinically evident level I, II axillary lymph node metastases

N3 Metastases in ipsilateral infraclavicular (level III axillary) lymph node(s) with or
without level I, I axillary lymph node involvement;

Or in clinically detected® ipsilateral internal mammary lymph node(s) with clinically
evident level I, IT axillary lymph node metastases;

Or metastases in ipsilateral supraclavicular lymph node(s) with or without axillary or
internal mammary lymph node involvement

N3a | Metastases in ipsilateral infraclavicular lymph node(s)

N3b | Metastases in ipsilateral internal mammary lymph node(s) and axillary lymph node(s)

N3c | Metastases in ipsilateral supraclavicular lymph node(s)

Source: Edge et al. [1] (Used with the permission of the American Joint Committee on Cancer
(AJCC), Chicago, Illinois)

AClinically detected is defined as detected by imaging studies (excluding lymphoscintigraphy) or
by clinical examination and having characteristics highly suspicious for malignancy or a presumed
pathologic macrometastasis based on fine needle aspiration biopsy with cytologic examination

Table 4.3 The American Joint Committee on Cancer staging system: breast distant metastases (M)

Mo No clinical or radiographic evidence of distant metastases

c¢MO(@+) | No clinical or radiographic evidence of distant metastases, but deposits of
molecularly or microscopically detected tumor cells in circulating blood, bone
marrow, or other nonregional nodal tissue that are no larger than 0.2 mm in a patient
without symptoms or signs of metastases

Ml Distant detectable metastases as determined by classic clinical and radiographic
means and/or histologically proven larger than 0.2 mm

Source: Edge et al. [1] (Used with the permission of the American Joint Committee on Cancer
(AJCC), Chicago, Illinois)

overestimate tumor size (by greater than 5 mm) in up to 35 % of cases and underes-
timate size in 13 % of cases [5, 6]. The causes of over- or under-estimation have yet
to be defined. Some studies suggest that MRI tumor size correlates better with
pathologic measurement with high-grade invasive tumor and high-grade ductal car-
cinoma in-situ (DCIS), and tends to underestimate size in low-grade tumors [8, 9].
However, a recent report showed high-grade tumor and DCIS to be the strongest
negative factors resulting in overestimation of tumor size on MRI [10]. There is a
greater tendency for tumor size overestimation when tumors are larger than 2 cm in
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Table 4.4 The American Joint Committee on Cancer staging system: breast anatomic stage/
prognostic groups

Stage Tumor Node Metastasis
0 Tis NO MO
1A T1® NO MO
1B TO Nlmi MO
T1® Nlmi MO
1A TO N1° MO
T1? N1® MO
T2 NO MO
1IB T2 N1 MO
T3 NO MO
1A TO N2 MO
T1? N2 MO
T2 N2 MO
T3 N1 MO
T3 N2 MO
1B T4 NO MO
T4 N1 MO
T4 N2 MO
Ic Any T N3 MO
v Any T Any N M1

Source: Edge et al. [1] (Used with the permission of the American Joint Committee on Cancer
(AJCC), Chicago, Illinois)

“T1 includes T1mi

"T0 and T1 tumors with nodal micrometastases only are excluded from Stage ITA and are classified
as Stage IB disease

size [6, 10]. The MRI sequence on which the tumors are measured may also be a
factor. A recent report suggests that index tumor size is best measured on T2
weighted images, whereas the whole extent of disease is best estimated on early-
subtracted dynamic contrast enhanced T1 weighted images [11].

MRI is more accurate than mammography or ultrasound for detection of an intra-
ductal component of an invasive cancer (Figs 4.2 and 4.3). However, it may overes-
timate this finding in 11-28 % and underestimate it in 17-28 % of cases [12—14].
Overestimation may be due to enhancement of normal glandular tissue, other coex-
isting benign entities, or lymphovascular invasion [15]. Since extensive intraductal
component (EIC) is a contributing factor for positive surgical margins at breast
conserving surgery, preoperative delineation of the extent of EIC is essential.

Contrary to early reports, MRI has been shown to be more sensitive in detection
of DCIS than mammography and ultrasound (Fig. 4.4). This is largely attributable
to a greater emphasis on high spatial resolution over high temporal resolution in
MRI technique [16]. Reported MRI sensitivity for DCIS in the more recent litera-
ture is 79-97 %, compared with only 52-56 % by mammography. The sensitivity
reaches 98 % in high-grade or comedo type DCIS [16, 17]. Several recent studies
investigated the utility of MRI in the detection of invasive component in DCIS diag-
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Left Ereast 8:00 3 cm from nipple radial

Fig. 4.1 Clinical stage ITA, T2NOMO tumor in a 52-year-old with a palpable mass in the left breast
and discordant tumor size between breast examination, mammography, and ultrasound. (a) Left
mediolateral oblique view (MLO) mammogram reveals a small group of microcalcifications (black
arrow). Biopsy revealed invasive lobular carcinoma. (b) Ultrasound of the left breast at the biopsy
site shows two adjacent irregular hypoechoic masses, measuring 2.7 x 1.5 cm in aggregate. (c)
Sagittal post contrast T1-weighted maximal-intensity projection (MIP) MR image reveals an irreg-
ular enhancing mass, 3.7 x 2.5 x 2.0 cm in size (between arrows). Arrowhead denotes focal sus-
ceptibility artifact caused by a tissue marker at the site of microcalcifications. Histopathology
confirmed the large tumor size
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Fig. 4.2 Clinical stage IITIA, T3ANIMO tumor in a 72-year-old with extensive intraductal compo-
nent (EIC) and unsuspected nipple involvement. (a) Left MLO view mammogram shows hetero-
geneously dense breast tissue with a triangular marker (white arrow) indicating a palpable mass.
The mass is not visible on mammography. An abnormal high-density axillary lymph node is visi-
ble (black arrow). (b) Ultrasound of the palpable mass reveals a 2.7 cm irregular mass. Ultrasound
guided biopsy confirmed invasive ductal carcinoma. Fine needle aspiration of the suspicious
lymph node was positive for metastasis. (¢) Sagittal post contrast T1 MIP MR image demonstrates
an irregular enhancing mass corresponding to the known invasive cancer, with nonmass enhance-
ment (long arrows) extending from the mass both anteriorly and posteriorly, consistent with
EIC. The maximal anteroposterior extent of the tumor is 12 cm. Note the metastatic node with loss
of fatty hilum (arrowhead). (d) Axial post contrast fat-saturated T1 MR image reveals nonmass
enhancement in a ductal distribution (short arrows) extending to the nipple, with enhancement of
the nipple-areolar complex (NAC) (arrowhead) consistent with tumor invasion
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Fig. 4.3 Clinical stage IIIA, T3NIMO tumor in a 42-year-old woman with multicentric right
breast cancer, EIC, and nipple involvement. (a) Sagittal post contrast subtraction T1 MIP MR
image of the right breast shows a small known invasive tumor (arrowhead) and extensive nonmass
enhancement consistent with EIC, involving the upper outer and upper inner quadrants (between
arrows). There is a metastatic lymph node in the axilla. (b) Bilateral axial post contrast fat-
saturated T1 MR image demonstrates nodular enhancement in the right nipple (arrow), compared
to non-enhancement of the left nipple. The focal signal abnormality in the left nipple (arrowhead)
is an artifact

Fig. 4.4 Clinical stage 0, TisNOMO tumor in a 39-year-old woman with extensive DCIS. (a) Spot
magnification mediolateral view mammogram of the right breast demonstrates dense breast tissue
with extensive pleomorphic microcalcifications that did not extend to the nipple. Biopsy confirmed
high grade DCIS. (b) Sagittal post contrast fat-saturated T1 MR image shows extensive clumped
nonmass enhancement. The tumor extends to within 2 mm of the nipple anteriorly and 3 mm of the
pectoral muscle posteriorly (white arrows). A small hematoma from biopsy is present (black
arrow). The patient is not an appropriate candidate for nipple-sparing mastectomy because the
close proximity of tumor to the nipple suggests occult nipple invasion
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nosed on needle biopsies. The presence of a mass, rapid initial enhancement, wash-
out kinetics, larger lesion size, higher lesion to background signal intensity ratios,
higher number of tissue cores involved by tumor nests, and lower apparent diffusion
coefficient (ADC) values have been linked to the presence of occult invasion
[18-20].

4.3 Additional Sites of Disease

Multifocal disease is defined as two or more tumor foci in the same quadrant of the
breast (Fig. 4.5). Multicentric disease is a condition with two or more tumor foci in
different quadrants of the breast (Fig. 4.6). Although TNM staging system does not

Fig. 4.5 Clinical stage IIA, TINIMO tumor in a 52-year-old woman with multifocal carcinoma.
Axial post contrast subtraction T1 MIP MR image of the right breast demonstrates multiple
enhancing masses in the central and lateral aspects of right upper breast. The largest, 1.2 cm mass
is a known invasive carcinoma (long arrow). Four additional tumors (short arrows) are seen ante-
rior to it. An enlarged level I right axillary lymph node with loss of reniform shape and fatty hilum
(arrowhead) was positive for metastatic disease on fine needle aspiration
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Fig. 4.6 Clinical stage IIA, TINOMO tumor in a 48-year-old woman with multicentric tumors. An
architectural distortion on her screening mammogram led to the ultrasound biopsy of a 1.2 cm
mass, which revealed invasive lobular carcinoma. (a) Left MLO view mammogram shows hetero-
geneously dense breast with a biopsy marker at the site of the index tumor (black arrow). No other
suspicious abnormality is visible. (b) Sagittal post contrast T1 MIP MR image demonstrates the
lobulated index mass (arrowhead) and multiple additional small irregular enhancing masses (small
arrows). (¢) Sagittal post contrast fat-saturated T1 MR image shows part of the known index tumor
(arrowhead). Multiple tumors in different quadrants (long arrows) are better appreciated. Biopsies
of two additional masses confirmed multicentric invasive lobular cancers

take these into consideration, the detection of additional sites of disease greatly
impacts surgical management. While multifocal disease may be amenable to breast
conservation, multicentric disease is usually treated with mastectomy. MRI is supe-
rior to conventional imaging for identifying additional cancer foci in the same breast
as the index tumor, and in the opposite breast [21-26]. The preoperative identifica-
tion of these additional tumor foci may alter surgical and radiation therapy. In a
recent meta-analysis of 50 studies, Plana and associates found that preoperative
MRI detected additional, otherwise occult, cancers in the ipsilateral breast in 20 %
of cases, with a summary positive predictive value (PPV) of 67 % and accuracy of
93 %. The PPV increased to 75 % when MR scanner >1.5 T was used [23]. These
results are similar to the findings of an earlier meta-analysis of 19 studies, showing
detection of additional disease in 16 % of cases with a summary PPV of 66 % and
accuracy of 86 % [24]. In this and another meta-analysis, MRI found additional
cancer in the contralateral breast in 4.1-5.5 % of patients (Fig. 4.7) at the time of
diagnosis [23, 25]. This is similar to the 3.1 % rate reported by the ACRIN 6667
multicenter prospective trial [26].

Many studies have examined the surgical impact of finding additional sites of
disease. Plana’s meta-analysis of 26 studies found an appropriate change in surgical
management in 12.8 % of patients with confirmed additional malignancy, with
8.3 % of patients converted from breast conservation therapy (BCT) to mastectomy
and 4.5 % receiving more extensive excision [23]. However, false positive cases
resulted in inappropriate alteration in surgical treatment in 6.3 % of cases, including
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Fig. 4.7 Clinical stage IV, T4dN1M1 tumor in a 63-year-old woman with diffuse erythema of the
right breast. Skin punch biopsy confirmed inflammatory breast cancer (IBC). Staging MRI showed
contralateral left breast cancers and positive right axillary level I, II nodes. (a) Sagittal T1 MIP MR
image of the right breast reveals extensive nonmass enhancement (between arrow and arrowhead)
and enhancement of the nipple consistent with invasion (arrowhead). A partially obscured irregu-
lar mass is seen more posteriorly (long arrow). (b) Sagittal T1 MIP MR image of the left breast
shows two masses with heterogeneous enhancement. Biopsy confirmed both to be invasive ductal
carcinoma. (c¢) Bilateral axial post contrast fat-saturated T1 MR image demonstrates asymmetric
enlargement of the right breast with diffuse thickening and heterogeneous enhancement of the
skin. Nipple invasion (white arrowhead) and extensive subareolar nonmass enhancement (between
short arrows) are obvious. An enhancing mass is seen in the left breast (black arrowhead). An
enhancing focus in the right sternum (long white arrow) was positive on PET/CT scan, consistent
with distant metastasis. (d) Axial post contrast fat-saturated T1 MR image of the right breast dem-
onstrates enhancing nodule in the skin (arrow) caused by dermal lymphatic embolus (the “punched
out” lesion). Diffuse thickening and heterogeneous enhancement of the skin are evident
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1.7 % undergoing mastectomy and 4.6 % receiving more extensive excision [23].
These results parallel the findings of another meta-analysis, which showed a 1.1 %
conversion rate to mastectomy and a 5.5 % rate of more extensive surgery due to
false positive MRI [24]. The false positive cases illustrate the importance of histo-
logic confirmation of suspicious MRI findings before performing more extensive
surgery.

Occasionally, additional tumor may be present, but not detected by MRI. These
false negative cases may be caused by non-enhancing tumor or obscuration by
moderate to marked background parenchymal enhancement (BPE) of normal tis-
sue [2, 27, 28]. BPE is mediated by hormonal activity, and is not correlated with
mammographic density [28]. Attempts should be made to schedule breast MRI
during the second week of the menstrual cycle or discontinuing exogenous hor-
mone therapy for several months before MRI to reduce BPE. However, to avoid
delay in therapy, this is not possible in patients newly diagnosed with breast
cancer.

4.4 Pectoral Muscle and Chest Wall Involvement

Knowledge of pectoral or chest wall invasion by breast cancer prior to surgery is
important, because of its impact on tumor staging, surgical planning and overall
therapeutic approach. Chest wall invasion is defined as tumor infiltration of ribs,
intercostal muscles and/or serratus anterior muscle [29]. Breast tumor with chest
wall invasion is considered locally advanced disease with a tumor classification of
T4a and a minimum TNM stage of IIIB with a 5-year survival rate of 23 % [30, 31].
Breast tumor with chest wall invasion may require neoadjuvant chemotherapy, with
or without chest wall radiation, followed by more extensive surgery including chest
wall resection [30, 31]. A tumor that invades only the pectoral muscle may require
partial excision of the muscle if the invasion is superficial, or radical mastectomy
with resection of the entire muscle if full thickness of the muscle is involved (Fig.
4.8) [30].

Evaluation of the pectoral muscle and chest wall underlying a posteriorly located
breast tumor is usually limited on physical examination, mammography and ultra-
sound [30-32]. Far posterior tumors are difficult to include in the field of view on
mammography. On sonography, the strong acoustic shadowing by breast cancer
often obscures the underlying pectoral muscle. By contrast, the pectoral muscle and
chest wall are well demonstrated on MRI (Fig. 4.9) [32]. Previous studies showed
that contrast enhancement of the pectoral muscle or chest wall structures, either
infiltrative or mass-like (Figs. 4.8 and 4.10a), are the only reliable MRI finding to
predict invasion [32, 33]. Proximity of the tumor or violations of the fat plane alone
are not sufficient evidence of muscle invasion (Fig. 4.11a) [32, 33]. Pectoral muscle
enhancement caused by recent biopsy of nearby primary tumor is a known cause of
false positive interpretation [33].
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Fig. 4.8 Clinical stage IIA, T2NOMO tumor in a 70-year-old woman with invasive ductal carci-
noma of the right breast. (a) Axial post contrast fat-saturated T1 MR image demonstrates a poste-
riorly located tumor in the right breast with full thickness involvement of the pectoral muscle
(between arrows). The tumor has a maximum dimension of 2.2 cm. (b) Sagittal post contrast fat-
saturated T1 MR image shows the irregular mass invading the pectoral muscle (between arrows)
without affecting the underlying intercostal muscles

RMLO
a

Fig. 4.9 Clinical stage IIA, T2NOMO tumor in a 44-year-old woman with a posteriorly located inva-
sive ductal carcinoma of the right breast. (a) Right MLO view mammogram demonstrates a 2.5 cm
mass (black arrow) in the posterior breast, incompletely imaged and inseparable from pectoral muscle.
A BB on the breast skin denotes a palpable mass. (b) On the laterally exaggerated CC view, the tumor
again overlaps with the pectoral muscle. (¢) Sagittal post contrast fat-saturated T1 MR image shows
the mass (long arrow) not in close proximity or invading the pectoral muscle (four small arrows)
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Fig. 4.10 Clinical stage IIIC, T4dN3Mx tumor in a 41-year-old woman with triple-negative inva-
sive ductal carcinoma, and clinical evidence of inflammatory carcinoma of the left breast. (a) Axial
post contrast fat-saturated T1 MR image demonstrates a 10 cm left breast mass with enhancement
of the pectoral muscle, indicating invasion (between arrowheads). Enhancement of intercostal
muscles and pleura (small white arrows) indicates chest wall invasion. An enlarged left internal
mammary lymph node (black arrow) and palpable left axillary nodes constitute N3 nodal status.
Diffuse thickening and enhancements of the skin and Cooper ligaments are consistent with inflam-
matory carcinoma. (b) Axial post contrast fat-saturated T1 MR image shows the locally advanced
tumor invading the skin with ulceration (between small white arrows), the pectoral muscle (arrow-
head) and the intercostal muscle (black arrows). (¢) Sagittal fat-saturated T2 image demonstrates
diffuse cutaneous and subcutaneous edema (arrowheads), prepectoral edema (short arrow), and
intramuscular edema (long arrow). These are differential features in favor of IBC

4.5 Skin and Nipple Involvement

According to AJCC TNM system for clinical staging of breast cancer, ulceration
and/or satellite nodules and/or edema (including peau d’orange) of the skin which
do not meet the criteria for inflammatory carcinoma, are classified as T4b tumor,
resulting in at least stage II1IB disease (Tables 4.1 and 4.4). Invasion of the dermis
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Fig. 4.11 Clinical stage IIIA, T3N2MO tumor in a 54-year-old woman with a left breast mass and
left nipple retraction. (a) Axial post contrast fat-saturated T1 MR image of the left breast reveals a
large (7.1 cm) spiculated enhancing mass abutting the pectoral muscle (black arrow). Obliteration
of the muscle fascia and tenting of the muscle are present, but there is no muscle enhancement to
indicate invasion. Enhancement and retraction of the nipple (arrowhead) indicates nipple invasion.
Diffuse thickening and enhancement of the skin in the lateral aspect of the breast (four short
arrows) signal skin invasion by local extension. Skin thickening without enhancement in the
medial breast (three long arrows) reflects lymph edema without invasion. (b) Axial post contrast
fat-saturated T1 MR image more superiorly reveals three abnormal level I axillary nodes lying
lateral to the pectoralis muscles. The two lateral nodes are matted to each other, while the medial
node adheres to the pectoralis minor muscle. Note the loss of hilar fat in the nodes. Spiculated
margins of the nodes suggest extracapsular tumor extension, which was confirmed by core biopsy

alone, without the above mentioned skin changes, does not meet the criteria of a T4
tumor (Table 4.1). On MRI, direct invasion of the skin appears as localized skin
thickening and enhancement, which is contiguous with an underlying malignancy,
with or without skin retraction (Fig. 4.11a). Skin edema, seen as areas of non-
enhancing skin thickening (>3 mm) on MRI, may occur as a result of lymphatic
obstruction, with or without malignant involvement (Fig. 4.11a). In later stages,
enhancing skin nodules, masses, and ulceration are well demonstrated on MRI (Fig.
4.10b). When skin involvement by a locally advanced tumor is extensive, differen-
tiating it from inflammatory carcinoma on clinical examination and MRI is difficult
without a skin punch biopsy [34].

Preoperative evaluation of the nipple-areolar complex (NAC) is important for sur-
gical planning because involvement of the NAC by tumor requires resection of the
NAC and precludes patient from nipple-sparing mastectomy. Assessment of the NAC
for tumor involvement on MRI may be difficult, because normal nipples may show
various patterns of enhancement or no enhancement at all [28]. Sakamoto and col-
leagues found unilateral nipple enhancement continuous with the underlying index
tumor to be highly suggestive of tumor involvement (Figs. 4.2,4.3,4.7 and 4.11) [35].
Characteristics of the nipple enhancement include diffuse enhancement, periareolar
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skin enhancement, and rim or periductal enhancement within the nipple [35]. Nodular
enhancement in the involved nipple is occasionally seen (Fig. 4.3b). Tumor size >2 cm
and distance from the tumor edge to the NAC < 2 cm on MRI are statistically signifi-
cant indicators for NAC involvement [36]. However, the tumor to NAC distance indic-
ative of nipple involvement has been reported as <5 mm or <10 mm in other studies
(Fig. 4.4) [37, 38]. Moon and associates found enhancement of the NAC itself to have
higher predictive value for NAC invasion than short tumor to nipple distance [39].

4.6 Staging of Regional Lymph Nodes

Identification of regional nodal metastases is critical for staging, prognosis and
treatment planning in patients with newly diagnosed breast cancer (Table 4.2).
Regional lymph nodes include ipsilateral intramammary, axillary, internal mam-
mary, and supraclavicular nodes.

The axilla is divided into 3 levels by the pectoralis minor muscle. Level I nodes
are low axillary nodes lateral to pectoralis minor muscle, including the intramam-
mary nodes (Fig. 4.12a). Level II nodes are mid-axillary nodes between the medial
and lateral borders of the pectoralis minor muscle, including the Rotter nodes
between the pectoralis major and minor muscles (Figs. 4.12b and 4.13a). Level III
nodes are apical axillary nodes medial to the pectoralis minor muscle, i.e. the
infraclavicular nodes (Fig. 4.12c). The internal mammary nodal chain runs along
the margins of the sternum following the course of internal mammary artery and
vein (Fig. 4.13b and 4.13c). The internal mammary (IM) nodes are found in the first
through sixth intercostal spaces [40]. The supraclavicular nodes are located in the
supraclavicular fossa.

The current 7th edition of the AJCC TNM staging system includes clinical and
pathologic node staging schemes [1, 41]. The “clinical” scheme classifies “clini-
cally detected” nodes, which are defined as nodes detected by clinical examination
and imaging studies. The “pathologic” scheme classifies nodes identified with sen-
tinel node biopsy or axillary node dissection. In the clinical scheme (Table 4.2),
ipsilateral level I and II axillary nodes are N1 disease if movable, but become N2
disease when fixed to each other or adjacent structures (i.e. matted), which raises the
stage to at least IIIA (Table 4.4). Metastases in the ipsilateral IM nodes in the
absence of axillary node metastases are classified as N2 disease, but become N3
disease if the axillary nodes are also involved. Metastasis to the ipsilateral level III
axillary (infraclavicular) or supraclavicular nodes indicates N3 disease, which raises
the stage to at least IIIC. Metastases to cervical, contralateral internal mammary and
contralateral axillary lymph nodes are considered distant metastases (M1 disease)
and indicate stage IV disease (Table 4.4) [30]. Metastases to the IM nodes usually
occur after a tumor has metastasized to the axilla (N3 disease). Isolated metastasis
to the IM nodes is rare, occurring in only 1-5 % of breast cancers, usually from deep
or medial lesions [41, 42]. Metastatic involvement of the IM nodes, without or with



4 MRI and Preoperative Staging in Women Newly Diagnosed with Breast Cancer 81

Fig. 4.12 Clinical stage IIIC, TxN3MO tumor in a 75-year-old woman with right axillary lymph-
adenopathy and no apparent primary tumor on mammography and ultrasound. (a) Axial post con-
trast T1 fat-saturated MR image shows a large right axillary level I lymph node with heterogeneous
enhancement, complete absence of hilar fat and perinodal stranding which may be due to recent
biopsy or lymph edema. Biopsy of this node revealed poorly differentiated mammary carcinoma.
(b) Axial image at a higher level reveals multiple level II nodes posterior to the pectoralis minor
muscle (long arrows). Some level I nodes lying lateral to the pectoralis minor muscle are seen
(arrowheads). All nodes show ill-defined margins suspicious for extranodal tumor extension. (c¢)
Axial image at the level of infraclavicular fossa demonstrates matted level III lymph nodes medial
to the pectoralis minor muscle (between arrows). An abnormal level I node is seen (arrowhead).
No primary tumor is identified in either breast
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Fig. 4.13 Interpectoral node and internal mammary (IM) nodes. (a) Sagittal post contrast fat-
saturated T1 image shows an enlarged lymph node (arrows) with heterogeneous enhancement
between the pectoralis major (P.M.) and pectoralis minor (p.m.) muscles. The interpectoral node is
also known as a Rotter node. (b) Axial post contrast fat-saturated T1 image of left breast in a dif-
ferent patient demonstrates an enlarged left IM node (arrow). (¢) Sagittal post contrast T1 image
of the same patient as in image (b) shows the IM node (arrow) along the sternal border. A second
abnormal IM node is seen inferior to it (arrowhead)
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axillary disease, carries a small but definite risk of local recurrence and reduced
long-term survival [42]. Due to the morbidity involved, dissection of the internal
mammary nodes is usually not performed. However, radiation treatment can be uti-
lized to treat these nodes [41, 42].

In most institutions, ultrasound is the primary imaging modality for evaluation
of axillary nodes, with moderate sensitivity and high specificity for detection of
metastases, especially when morphologic criteria rather than size, are used for
diagnosis [41, 43, 44]. However, the results are operator dependent and the evalu-
ation of infraclavicular, supraclavicular and internal mammary nodes is not rou-
tinely performed. By contrast, regional lymph nodes, except for supraclavicular
nodes, are included in the field of view on most routine breast MRI protocols.
The ability of MRI to predict axillary nodal metastases is similar to ultrasound,
with reported sensitivity of 36—-88 % and specificity of 73—100 % [45-50]. MRI
is less operator-dependent than ultrasound and provides a global view of both
axillae and internal mammary chains. This may enhance the detection of poten-
tially abnormal nodes and allows comparison with the contralateral axilla [41].
Occasionally, pulsation artifacts through the axilla may limit evaluation of the
axillary nodes [41].

On non-contrast MRI, normal lymph nodes are reniform, circumscribed, with
low signal intensity on T1-weighted and high signal intensity on T2-weighted
sequences. Hilar fat is best seen on a T1-weighted non-contrast sequence without
fat saturation, a sequence that should be included in the breast MRI protocol.
Upon contrast injection, the normal lymph nodes enhance rapidly and homoge-
neously with a type III wash out delayed kinetics. Hence, the enhancement kinet-
ics are not useful in differentiating benign and metastatic lymph nodes. Like
ultrasound, nodal size alone is not useful for identifying metastatic nodes on MRI
[41]. Morphologic features on MRI that suggest a nodal metastasis include:
round shape or a long axis to short axis ratio of less than two, loss of the fatty
hilum, increased cortical thickness (>3 mm), eccentric or focal cortical thicken-
ing, irregular or spiculated margins, edema surrounding the nodes, and asymme-
try of morphology of the nodes compared with the contralateral axilla [41,
50-53]. One study described “perifocal edema” (edema surrounding the lymph
nodes) and “rim enhancement” (higher signal intensity in the periphery of the
nodes) 11 min after contrast injection as the two features with 100 % positive
predictive value for the detection of metastases [53]. IM nodes are more likely to
contain a metastasis when 5 mm or larger in size [54]. Normal IM nodes are usu-
ally not visible on MRI. When visualized, they should be regarded as suspicious
and reported [30].

Traditionally, preoperative identification of axillary nodal metastases will spare
patients with invasive breast cancer an unnecessary sentinel lymph node biopsy
(SLNB) and allow them to proceed directly to axillary lymph node dissection
(ALND). In 2011, Giuliano and associates published the results of the American
College of Surgeons Oncology Group (ACOSOG) Z0011 randomized trial [55].
This trial suggested that patients with T1 or T2 invasive breast cancer, no palpable
nodes, and one or two positive sentinel nodes, who underwent lumpectomy with
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negative margins, tangential whole-breast radiation, and systemic therapy, might
not benefit from ALND [55]. While this finding is potentially practice changing,
controversies exist about the relatively short median follow-up interval of 6.3 years
and the number of patients enrolled. In light of the Z0011 results, some have ques-
tioned the role of imaging for preoperative axillary staging, expressing concerns
that preoperative detection of axillary metastasis would prompt ALND for disease
that could otherwise have been treated according to Z0011 protocol [56]. Many
authors believe that imaging still plays an important role in the axillary staging,
especially in identifying patients with N2 and N3 disease. Since nodal disease
beyond levels I and II are not routinely included in an axillary dissection, identifica-
tion of nodes in these higher N categories by imaging may affect initial staging and
treatment planning. Two recent studies showed that MRI can predict metastatic dis-
ease in more than two sentinel nodes, thereby identifying patients who require fur-
ther local-regional therapy beyond SLND [57, 58]. In the future, patients may
undergo imaging for the purpose of excluding N2 or N3 disease, rather than for
diagnosing axillary metastases [41].

4.7 Subsets of Newly Diagnosed Breast Cancer Patients
Likely to Benefit from MRI Staging

Because of the ability of MRI to identify lesions that are occult on conventional
imaging and to better define extent of disease, it is intuitive that MRI staging is
particularly beneficial for a subset of patients with newly diagnosed breast cancer.

Patients with Invasive Lobular Cancer (ILC) ILC tends to present with multiple
and bilateral tumor sites and is better detected with MRI than mammography. The
reported sensitivity of MRI for detection of ILC, ranging from 93 % to 96 %, is
significantly higher than the sensitivity of mammography, which is in the range of
34-81 % [2, 22, 59]. Further more, MRI is more accurate in assessing the extent of
ILC than mammography, leading to lower re-excision rates for positive surgical
margins [60, 61].

Patients at High-Risk for Developing Breast Cancer A study has shown that
patients with genetic alterations (BRCA 1 and BRCA?2 mutations) or a history of
mantle chest radiation are also at high risk for multiple and bilateral breast cancers
[62]. Patients with a family history of breast cancer may also benefit [22].

Patients with Dense Breast Tissue MRI is useful in women with mammographi-
cally dense breast, in which an additional cancer tends to be obscured [63]. However,
some studies have found MRI staging to be equally beneficial in patients with non-
dense breasts [21, 22, 64].
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Patients with Posterior Breast Cancer As previously illustrated, MRI is very useful
in the detection of pectoral muscle and chest wall invasion, which will impact surgi-
cal planning.

Patients with High Grade DCIS or Invasive Cancer with EIC As previously dem-
onstrated, MRI has a higher sensitivity for detection of high grade DCIS, or EIC in
an invasive cancer, compared to conventional imaging. Hence the extent of disease
in these patients can be better defined with MRI.

Patients with Plans for Partial Breast Irradiation (PBI) PBI is increasingly used
for treatment of early stage breast cancers. However, patients with multiple tumors
are not fully treated with PBI and are not appropriate candidates. Several studies
have demonstrated the benefit of preoperative MRI for appropriate selection of
patients to undergo such therapy [65-68].

Patients with Plans for Nipple-Sparing Mastectomy (NSM) NSM is a skin-sparing
mastectomy with preservation of the nipple-areolar complex to provide a good cos-
metic outcome. Due to the increased cancer recurrence risk, patients with tumors
invading the NAC or in close proximity to the NAC on MRI are not appropriate
candidates for NSM. Conversely, a negative MRI showing no NAC involvement has
a high negative predictive value, as only 2.2 % of these patients were found to have
NAC involvement at surgery [69]. MRI is useful in patient selection for this
procedure.

4.8 The Utility of MRI in Special Clinical Scenarios

4.8.1 Inflammatory Breast Cancer

Inflammatory breast cancer (IBC) is a rare, aggressive form of breast cancer,
accounting for 1-4 % of all breast cancers [34]. As defined by AJCC, the diagnostic
criteria for IBC include rapid onset of breast edema; and/or peau d’orange skin
changes; and/or erythema of the breast; with or without an underlying palpable
mass; duration of the symptoms no more than 6 months; skin edema occupying at
least one third of the breast; and pathologic confirmation of invasive carcinoma
[70]. The pathologic hallmark of IBC is tumor emboli obstructing the dermal lym-
phatics of the breast, although this is not a requisite for diagnosis [71].

IBC is classified as a T4d tumor regardless of the primary tumor size (Tables
4.1). The prognosis is poor, with an average survival of 12-36 months [17]. At the
time of diagnosis, 55-85 % of patients have regional nodal metastases and 20 %
have distant metastases [17]. The treatment for IBC is neoadjuvant chemotherapy,
followed by mastectomy and chest wall radiation [71]. The role of breast imaging in
IBC is to identify an underlying malignancy, guide biopsy, stage locoregional dis-
ease and monitor response to neoadjuvant chemotherapy [72].
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MRI has shown superior sensitivity, in the range of 94-98 % for detection of a
primary breast tumor in IBC, compared to sensitivities of 43-68 % for mammogra-
phy and 94-95 % for ultrasound [73, 74]. One study reported the most frequent
MRI features of IBC to be: an underlying primary breast lesion (98 %), global skin
thickening (93 %), heterogeneous skin enhancement with or without nodular or
irregular skin foci (84 %), breast and chest wall edema (78 %), and breast enlarge-
ment (68 %). The primary lesion may be a single mass, diffuse nonmass enhance-
ment, or multiple masses that are confluent or interconnected by nonmass
enhancement. Multicentric or multifocal disease is more common than a unifocal
mass. The majority of the masses exhibited malignant features such as irregular
margins, heterogeneous internal enhancement pattern, and delayed washout kinet-
ics. In 79 % of the cases, the enhancing skin lesion showed persistent kinetics [74].
Two examples of these features are shown in Figs. 4.7 and 4.10. The most common
histologic type involved in IBC is invasive ductal carcinoma (84 %), although
poorly differentiated carcinoma (6 %) and invasive lobular carcinoma (5 %) are also
found [74].

It is important to differentiate IBC from locally advanced breast cancer,
because the treatments are different. While IBC is treated with mastectomy,
patients with locally advanced breast cancer may be candidates for breast conser-
vation after neoadjuvant chemotherapy [17]. IBC and locally advanced breast
cancer have many overlapping features on MRI [34]. Some potential differentiat-
ing features in favor of IBC include: edema of the breast tissue, skin thickening,
thickening and pathologic enhancement of Cooper ligaments, and the “punched-
out sign” defined as initially strong focal enhancement of dermal or subcutane-
ous tissue, followed by slow-continuous enhancement of the surrounding skin
(Figs. 4.7 and 4.10) [34].

A difficult clinical and imaging differential diagnosis of IBC is acute mastitis.
Differentiation of these two entities with MRI remains challenging due to the
significant overlap of morphology and enhancement kinetics [28]. Potential dif-
ferentiating features in favor of IBC are: masses with a greater average size, T2
hypo intensity of masses, blooming phenomenon (decreasing sharpness of lesion
borders on delayed images), infiltration or pathological enhancement of the pec-
toralis major muscle, perifocal edema, prepectoral and intramuscular pectoral
edema, central and dorsal location of the malignant mass vs. the usual subareolar
location of an abscess (Fig. 4.10) [75]. A histological punch skin biopsy is
needed in cases of diagnostic uncertainty if clinical symptoms fail to improve
after a trial of antibiotic therapy.
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Fig. 4.14 Clinical stage IIA, TINIMO tumor in a 68-year-old woman with excisional biopsy of
an enlarged left axillary lymph node, yielding metastatic carcinoma suggestive of a breast pri-
mary. (a) Left MLO view mammogram shows heterogeneously dense breast tissue with a par-
tially visualized large high-density left axillary node (black arrow). No visible abnormality is
identified in the breast. (b) Sagittal post contrast fat-saturated T1 image of left breast demon-
strates a seroma at the site of lymph node excision (between white arrows). A 1.7 cm enhancing
mass (arrowhead) is visualized in the central breast. Ultrasound guided biopsy revealed an inva-
sive ductal carcinoma

4.8.2 Metastatic Axillary Lymphadenopathy of Unknown
Primary Malignancy

Rarely, breast cancer may present as metastatic axillary lymphadenopathy without
a known primary tumor (stage TXN1-2 M0). When a patient presents with unilat-
eral axillary adenopathy, ultrasound guided lymph node sampling is indicated. In
the event of nondiagnostic lymph node sampling, a surgical lymph node biopsy
should be considered. If a malignant diagnosis suggestive of a breast primary is
made, and no primary breast tumor is identified with clinical examination, mam-
mography or ultrasound, breast MRI should be performed. The ability of MRI to
identify occult primary breast cancer ranges from 62 to 86 %, with the primary
tumor often less than 2 cm in size [76, 77]. The identification of the primary tumor
by MRI offers patients the benefit of histologic diagnosis and biomarker evaluation
(Fig. 4.14). This will provide information to guide targeted chemotherapy, hormonal
treatment, and breast conservation surgery [30]. Otherwise, patients are treated with
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mastectomy and axillary node dissection if the primary malignancy remains
unknown. In one third of cases, a primary tumor may not be identified in the mas-
tectomy specimen (Fig. 4.12). If treated with axillary dissection alone, a high per-
centage of these patients will develop ipsilateral breast cancer [78]. Recently, some
patients are being treated with axillary dissection and whole breast radiation, with-
out mastectomy. The data on the efficacy of this approach are limited, with two
small studies showing a 5-year local recurrence rate of 15—16 % and 5-year sur-
vival rate of 72—75 %, compared to the rates of 13 and 79 %, respectively, in the
mastectomy group [78, 79].

4.8.3 Paget’s Disease of the Nipple with Negative Conventional
Breast Imaging

Paget’s disease of the breast is an uncommon form of breast cancer accounting for
1-3 % of all breast cancers [80, 81]. It is characterized by infiltration of the nipple
epidermis by large malignant adenocarcinoma cells (Paget’s cells) that contains
abundant cytoplasm with large pleomorphic and hyperchromatic nuclei. Patients
typically present with symptoms related to the nipple and areola characterized by
eczema, scaling, crust formation, erosion or ulceration, without or with a palpable
mass [80]. An underlying invasive carcinoma or ductal carcinoma in situ is identi-
fied in 82-94 % of cases [81, 82]. The diagnosis is usually suspected on clinical
findings, and confirmed by full thickness surgical biopsy of the nipple and areola.
Imaging is required to identify an underlying malignancy and assess the extent of
disease. However, imaging is normal in 22-50 % of cases with mammography
alone and in 13 % of cases when both mammography and ultrasound are performed
[30]. Mammography may underestimate the extent of disease in up to 43 % of cases
[83]. Breast MRI is both sensitive in detecting the underlying malignancy and accu-
rate in assessing the extent of disease, especially when mammography and ultra-
sound are negative [82, 83].

The MRI finding of Paget’s disease is asymmetric enhancement of the nipple-
areolar complex, seen in 100 % of patients with clinically proven Paget’s disease in
one report [39]. The underlying malignancy may appear as an enhancing mass in the
case of invasive cancer or nonmass enhancement, typical of DCIS. Traditionally,
Paget’s disease is treated with mastectomy. Since the underlying tumors are con-
fined to the central breast in two thirds of patients, central lumpectomy combined
with resection of the NAC and radiation therapy has been adopted recently, with
similar survival rates [30]. MRI can delineate the location and extent of the underly-
ing malignancy. It can also identify the presence of multifocal or multicentric dis-
ease. This is very important, especially for patients planning breast conservation
surgery [84]. A negative MRI, however, does not exclude an underlying malignancy
[82].
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Fig. 4.15 Clinical stage II or higher, TxNIMO tumor in a 62-year-old woman. The patient under-
went a surgical biopsy at another institution for architectural distortion. Pathology yielded ILC and
lobular carcinoma in situ with positive resection margins that persisted upon re-excision. Sentinel
node biopsy yielded three positive metastatic nodes. (a) Sagittal post contrast fat-saturated T1 MR
image reveals a large seroma with areas of lumpy enhancement (black arrows) at its margins sugges-
tive of residual tumor. Three small enhancing masses (white arrows) away from the surgical cavity
are concerning for multicentric tumors. (b) A more lateral sagittal image shows additional lumpy
enhancement at the superior, posterior and anterior margins of the seroma (black arrows), suggestive
of residual tumor. (¢) A more medial sagittal image reveals an additional tumor focus (arrow)
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4.8.4 Positive Surgical Margins After Initial Lumpectomy

Positive surgical margins denote the situation in which malignancy is found at the
margins of the lumpectomy specimen after breast conservation surgery for breast
cancer. This indicates potential residual malignancy in the breast. Patients are typi-
cally treated with repeat excision of the involved margins and may eventually
require mastectomy if clear margins cannot be achieved after repeated surgery.
Breast MRI has a reported sensitivity of 61-86 % for detection of residual malig-
nancy [85-87]. It is useful in identifying bulky residual tumor at the lumpectomy
site or multifocal/multicentric disease elsewhere in the breast (Fig. 4.15). This will
guide the repeat excision or identify patients with extensive residual disease that
would ultimately require mastectomy.

4.8.5 Known Multifocal, Multicentric or Bilateral Disease

Patients with known multifocal, multicentric or bilateral breast cancers on conven-
tional breast imaging can benefit from MRI staging to determine the true extent of
disease. This guides appropriate decision-making regarding breast conservation
surgery vs. mastectomy.

4.8.6 Discordant Findings Between Clinical Examination
and Imaging or Between Imaging Modalities

When the tumor size on clinical examination differs significant from the size on mam-
mography or ultrasound, the extent of disease is uncertain. A discrepancy in tumor
size between mammography and ultrasound greater than 1 cm also raises question
about the true size of the tumor [14]. With its superior accuracy in determining tumor
size and extent of disease, MRI should be considered in these scenarios (Fig. 4.1).

4.8.7 Planned Neoadjuvant Chemotherapy

Adjuvant chemotherapy is used to decrease the risk of recurrence and improve sur-
vival from invasive breast cancer. Neoadjuvant chemotherapy prior to surgery and
radiation for local regional control has become widely adopted. It is found to be as
effective as adjuvant chemotherapy, but has the added benefit of predicting patient
outcome based on tumor response, and helping more patients achieve breast conser-
vation [30]. This will be discussed in detail in the next chapter entitled “MRI and
neoadjuvant chemotherapy”.
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4.9 Controversies on MRI Staging of Newly Diagnosed
Breast Cancer

Improved staging with breast MRI should lead to decreased positive margins/re-
excision rates, and better stratification of patients between breast conserving sur-
gery and mastectomy due to improved surgical planning. There should be decreased
local recurrence rates by identification and resection of otherwise occult multifocal
or multicentric tumors. The metachronous contralateral cancer rates should also
decrease, due to the simultaneous detection and treatment of contralateral tumors.
However, the literature regarding the benefit of MRI staging is showing conflicting
results. Therefore, the use of preoperative MRI to evaluate breast cancer remains
controversial. The recent debates over the use of MRI staging are focused on the
issues of delay in definitive therapy, conflicting data on re-excision rates, increased
mastectomy rates, and lack of long- term survival impact.

4.9.1 Delay in Definitive Therapy

Two retrospective studies reported a mean treatment delay of 12.2-22.4 days in the
group of patients undergoing preoperative breast MRI [88, 89]. However,
Hollingsworth and associates, who routinely use preoperative MRI, asserted that all
of their patients completed MRI workup within 2 weeks of diagnosis, before the
surgeon’s first available clinic date to see the patient. Hence, there is no delay in
treatment among their patients [90]. The detection of additional lesions by MRI,
necessitating additional imaging and biopsy is the downside of preoperative MRI
and a potential source of delay. While unlikely to affect long-term outcome, it may
contribute to patient anxiety and cost. To minimize delay, the facilities that offer
breast MRI should have the capability and commitment to complete ultrasound- or
MRI- guided biopsy of MRI-detected lesions promptly, or they should at least have
an established referral arrangement with an experienced breast center to provide
these services in a timely fashion.

4.9.2 Conflicting Data on Re-excision Rates

There are conflicting data on the impact of MRI staging on re-excision rates [60, 61,
89-98]. A meta-analysis of nine studies published between 2009 and 2012, includ-
ing two randomized controlled trials and seven comparative studies (n = 3112)
showed that preoperative MRI staging had no effect on re-excision rates, 11.6 % for
the MRI group and 11.4 % for the non-MRI group [99]. The two prospective trials
in the meta-analysis were the COMICE (Comparative Effectiveness of MRI in
Breast Cancer) and MONET (MR Mammography of Nonpalpable Breast Tumors)
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Table 4.5 The impact of preoperative staging MRI on re-excision rates

Lead Year Number of | MRI No MRI

author published Type of study patients group group P value
Grady 2012 Retrospective 184 11 % 26 % 0.04
Obdeijn 2013 Retrospective 123 18.9 % 37.4 % <0.01
Sung 2014 Retrospective 174 29 % 45 % 0.02
Gonzalez 2014 Prospective 440 5 % 15 % <0.001

Sources: Refs. [93, 100-102]

trials [97, 98]. The COMICE trial conducted in UK found no difference in re-
excision rates between patients with or without MRI, both at 19 % [97]. However,
because UK national health policy mandates reduction of reoperation rate for posi-
tive margins to under 10 %, surgeons routinely performed very wide excisions
which could have negated the benefit of MRI. The MONET trial found a paradoxi-
cal increase in re-excision rates in patients with MRI (34 %) vs. patients without
MRI (12 %). The critics of this study noted that the volume of the excised tissue in
the MRI group (69.1 cm?®) was much smaller than the volume in the no MRI group
(90.2 cm?®). It was even smaller in patients with DCIS and negative MRI (40.3 cm?).
Such bias in surgical approach resulted in the paradoxically higher rate of positive
margins and re-excision rate in the MRI group [98].

The recent data on re-excision rates are more promising. Table 4.5 summarizes
recently published studies demonstrating decreased rates of re-excision by the use
of MRI staging [93, 100-102]. The data regarding ILC are particularly compelling.
Although the meta-analysis by Houssami et al. showed only weak evidence that
MRI reduced re-excision rate in patients with ILC, numerous studies have found
significantly lower re-operation rates with the use of preoperative MRI in these
patients [60, 61, 103, 104]. A recent population based study by Fortune-Greeley
found a 40 % reduction in re-operation rate by MRI staging in patients with ILC
(n = 1928), without increasing mastectomy [104].

4.9.3 Increased Mastectomy Rates

There has been a dramatic increase in the use of MRI staging among patients newly
diagnosed with breast cancer, with a concurrent rise in the number of unilateral and
bilateral mastectomies [105-107]. Many studies identified preoperative MRI as a
predictor of mastectomy [88, 91, 99, 108, 109]. However, it is not clear whether the
relationship is one of cause and effect [106]. A meta-analysis of 26 studies on the
surgical impact of MRI staging found pathologically justified conversion from BCT
to mastectomy in 8.3 % of cases [23]. This 8.3 % conversion rate roughly equals the
10-year local recurrence rate for breast cancer. It is probable that MRI identifies the
patients with otherwise occult additional tumor burden and high likelihood for
recurrence and converts their treatment to mastectomy at initial surgery. On the
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other hand, false positive MRI findings caused inappropriate conversion to mastec-
tomy in only 1.7 % of cases [23]. These inappropriate mastectomies should decrease
by the confirmation of more extensive disease with MRI-guided biopsy before
changing the surgical plan, which was not done in all of the prior studies.

Several studies evaluated the rates of mastectomy before and after the wide-
spread use of preoperative MRI. One study found that the mastectomy rate in the
United States increased from 29 to 41 % between 2004 and 2006, predominantly
among patients without MRI [105]. Another study compared the mastectomy rate
before and after installation of MRI scanner at the authors’ institution and found the
mastectomy rate decreased from 29.9 to 24.5 %, despite sharply increased use of
preoperative MRI in breast cancer patients from 17.2 to 78.7 % [107]. Hollingsworth
and associates reported increased BCT rate from 48 to 60 % with the use of preop-
erative MRI, due to its high negative predictive value [110]. Killelea and colleagues
also found that the highest BCT rate (66 %) of any group in their study was among
patients with a normal MRI, even greater than in those patients without MRI [106].

A study by McGuire et al. showed three strong predictors of mastectomy to be
age <40 years, large tumor size, and lymphovascular invasion. Fear of recurrence
and fear of radiation are additional factors, while MRI had no impact on mastec-
tomy rates [111]. There are several reports on the increasing rates of contralateral
prophylactic mastectomy, especially among younger, highly educated patients,
those with a lower stage of breast cancer, and those with a positive family history
[106, 107, 112, 113]. One author observed that the rise in contralateral mastectomy
is independent of increased MRI use [107].

It is clear that MRI is not the sole cause of rising ipsilateral and contralateral
preventive mastectomy rates nationwide. The trend is likely multi-factorial and
driven by patients [111-113]. The availability of skin and nipple sparing mastec-
tomy and breast reconstruction surgery with good cosmetic results, the ability to
identify women at high risk for in-breast recurrence, the clearer understanding of
the late effects of breast irradiation, and patients’ increasing knowledge about their
disease and options are all contributing factors to this trend [113].

4.9.4 No Demonstrated Long-Term Survival Impact

The impact of MRI staging on long-term survival after BCT is uncertain due to the
lack of long-term outcome data. Since long-term survival is directly linked to local
control, study of local recurrence rates may provide some clues. However, few
reports are available. A meta-analysis of four studies showed no significant effect of
MRI on local or distant recurrence-free survival [114]. This analysis did not include
a study by Fischer et al. that demonstrated benefits of MRI in reducing local recur-
rence rates (1.2 % with MRI, 6.8 % without MRI) and contralateral breast cancer
rates (1.7 % with MRI, 4 % without MRI) [115]. However, the authors asserted that
inclusion of Fischer’s data would not have changed their conclusion [114]. A recent
study by Yi et al. showed that preoperative bilateral breast MRI was associated with



94 S.J. Lee and M.C. Mahoney

a reduced risk of contralateral breast recurrence [116]. Another study by Bae et al.
showed the absence of preoperative MRI to be associated with an increased risk of
recurrence in patients with triple-negative breast cancer [117]. This provides indi-
rect evidence of the benefit of MRI in reducing local recurrence rates.

Given the current low rates of local recurrence after BCT and whole breast radia-
tion (4.8-10.1 % over 10 years) and the low rate of contralateral breast cancer (4.1—
5.5 %), the opponents of preoperative MRI question the benefit of finding additional
cancer foci, since these foci are likely effectively treated with whole breast radiation
and systemic therapy and are clinically insignificant [118, 119]. However, this may
not be the case for patients undergoing partial breast irradiation. Furthermore, the
International Breast MRI Consortium (IBMC) 6883 study showed that cancers
detected only on MRI were similar in size and histology to cancers detected on
mammography, but had a higher likelihood of being higher grade [21]. Hence, there
is no basis to assume that the additional MRI-detected cancers are biologically inert
or clinically irrelevant.

4.10 Conclusion

Breast MRI demonstrates superior accuracy for assessment of breast tumor size and
extent of disease. Identification of multifocal/multicentric and contralateral tumors
helps guide surgical planning and adjuvant therapy. While there is no consensus on
the routine use of MRI in staging of all newly diagnosed breast cancers, it is proven
to be beneficial in certain subsets of women. There is emerging evidence of decreases
in re-excision or re-operation rates with MRI staging. No survival benefit has been
demonstrated so far. A well-designed prospective randomized controlled trial on the
short- and long- term benefits and cost analysis of preoperative MRI staging is
needed. This is currently under development by the American College of Radiology
Imaging Network (ACRIN) [120].
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Chapter 5
Magnetic Resonance Imaging
and Neoadjuvant Chemotherapy

H.T. Carisa Le-Petross, Bora Lim, and Nola Hylton

Abstract Neoadjuvant chemotherapy (NAC) is now widely used internationally to
provide improved surgical outcomes, recurrent free survival, and overall survival in
certain subtypes of breast cancer. Therefore, the opportunity to monitor treatment
response in vivo and as early in the treatment as possible to identify non-responders
is critical. Early initiation of systemic therapy can improve overall and disease-free
survival for patients with locally advanced breast cancer (LABC) or inflammatory
cancer even though these patients usually receive mastectomies despite complete
response after NAC. For non-responders, the sooner these patients are identified, the
quicker changes to treatment plans can be made to identify a more ideal regimen for
them in a timely manner. Physical examination, mammography, and sonography
have all been used to assess the response to NAC, primarily by measuring the size
of the residual tumor. Internationally, the ‘Response Evaluation Criteria in Solid
Tumors” (RECIST) is commonly used to standardize the assessment of response to
therapy, based on the tumor size. Unfortunately size assessment does not take into
account treatment-induced fibrosis or inflammation which can result in overestima-
tion or underestimation of the residual disease. Magnetic resonance imaging (MRI)
with intravenous contrast and advanced MRI techniques provide new opportunities
for assessing tumor morphologic changes, tumor vascularity, tumor cellularity, and
tumor metabolic features. MRI has been shown to be more accurate and reliable
than physical examination, mammography, or sonography. The combination of
contrast-enhanced MRI with diffusion-weighted imaging (DWI) and better under-
standing of tumor biology and genomics improve our ability to predict responders
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from non-responders. To date, there is still no consensus on the role of MRI for
assessing response to NAC or on a standardized MRI examination in patients receiv-
ing NAC.

Keywords Magnetic resonance imaging ¢ Preoperative chemotherapy e
Neoadjuvant chemotherapy * Breast cancer ¢ Response * Pathological complete

response

Abbreviations

AC Anthracycline-cyclophosphamide

ACRIN American College of Radiology Imaging Network

ADC Apparent diffusion coefficient map

NAC Neoadjuvant chemotherapy

DCE-MRI Dynamic contrast-enhanced MRI

DWI Diffusion-weighted imaging

FTV Functional tumor volume

HER 2+ tumor Human epidermal growth factor receptor 2—positive breast
cancer

HR Hormone receptor

I-SPY TRIAL Investigation of Serial studies to Predict Your Therapeutic
Response with Imaging And moLecular analysis Trial

LABC Locally advanced breast cancer

NCCN National Comprehensive Cancer Network

(0N} Overall survival

pCR Pathological complete response to therapy

RCB Residual cancer burden

RECIST Response Evaluation Criteria in Solid Tumors

RFS Recurrent free survival

TNBC Triple negative breast cancer

5.1 Introduction

Neoadjuvant chemotherapy (NAC) or preoperative systemic therapy given prior to
surgery is now widely used as an alternative to the traditional approach of postop-
erative adjuvant chemotherapy in patients with breast cancer. The term ‘neo-
adjuvant’ originated from ‘adjuvant’, which indicates the systemic therapy after the
surgery, but in this case to be given before the surgery, which was a new method
developed after adjuvant therapy. To avoid confusion, it has been suggested to use
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‘pre-operative’ instead of neoadjuvant; however, neoadjuvant is a more widely used
term. NAC is a critical therapeutic approach in breast cancer in the modern era,
especially for patients with locally advanced breast cancer, who are not candidates
for breast-conserving surgery or who have proven lymph node metastases [1-3].
Current National Comprehensive Cancer Network (NCCN) guidelines recom-
mend stage II and III patients to undergo NAC. For cancers with lymph node
involvement, NAC can reduce the patients’ risk of exposure to non-oppressed
malignant metastatic behavior of cancer cells before the patient is taken to local
therapy with surgery. Even without lymph node involvement, patients can benefit
from NAC if NAC can successfully reduce tumor burden and result in downgrad-
ing of surgery from mastectomy to breast conserving surgery, and increase the
chance of clear surgical margins. Recent data supporting better overall clinical
outcome with breast conserving surgery compared to mastectomy favor the utili-
zation of NAC [4, 5].

The traditional postoperative adjuvant trial usually has disease relapse or sur-
vival as the definitive endpoints. These types of trials are large and expensive with
many years of follow-up. Today, NAC has been shown to be as effective as chemo-
therapy after surgery [6—8]. NAC trials use intermediate endpoints such as patho-
logical complete response to therapy (pCR), and are smaller and less expensive
trials. These intermediate endpoints can be achieved in months versus years. Both
human epidermal growth factor receptor (HER) 2—positive breast cancer and triple
negative breast cancer (TNBC) show a direct correlation between achieving pCR
and longer recurrent free survival (RFS) and overall survival (OS) [9]. This enables
clinical trials with NAC to have shorter surrogate endpoints, such as response to
therapy or residual disease instead of OS, without having to wait for several decades
in some clinical settings [10—12].

The combination of NAC and surgery has been shown to offer better local dis-
ease control and overall survival than surgery alone, especially for those with LABC
[13, 14]. Moreover, NAC may allow the conversion of non-operable to operable
disease or permit breast conservation surgery in patients who otherwise would have
required mastectomy. However, a complete pathological response to NAC does not
occur in all patients. Most studies have shown that pCR is associated with favorable
outcomes. In the National Surgical Adjuvant Breast and Bowel Project B-27 neoad-
juvant trial, a significant number of patients did achieve a pCR when paclitaxel was
added to a doxorubicin-based chemotherapy regimen, but the improvement in the
pCR rate was not significantly associated with prolonged RFS or overall survival
[15]. Several recent studies have confirmed these observations [16, 17]. In the
imaging literature, radiological complete response does not consistently translate to
absence of residual disease on final pathology, RFS, or OS [18]. All agree that it is
important to identify early in the course of therapy which patients are likely to have
a complete response to therapy and which patients are not. However, the best method
and which imaging features may be used to predict responders from non-responders
is still not clear.
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Fig. 5.1 44 year old female with newly diagnosed triple negative invasive ductal carcinoma. (a)
Sagittal post-contrast fat-saturated MRI nicely differentiates the untreated hypervascular tumor
mass (red arrow) with delayed washout enhancing pattern (red curve) from the (b) background
glandular tissue with persistent or benign enhancing pattern (blue cross and blue curve)

5.2 Assessment of NAC Response

Physical exam, mammography, and sonography (US) have all been used to assess
response to NAC (Fig. 5.1). Physical exam is unreliable and subjective, relying on
the physician’s experience. Post-treatment fibrosis versus residual necrotic tissue
from residual viable tumor mass cannot be differentiated on physical exam.
Macroscopic tumor at histological examination has been reported in 45% of patients
with normal physical exam, while 60% of patients with pCR had an abnormal phys-
ical exam [13]. Physical exam has overestimated tumor regression in 23% of cases
and underestimated response in 9% [19].

Mammography may overestimate residual disease because of a lack of change
in the microcalcifications associated with the tumor. A study of 196 patients with
invasive ductal carcinoma and ductal carcinoma-in-situ noted that the extent of
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microcalcifications on mammography after NAC had lower correlation with resid-
ual pathologic tumor than did residual enhancement seen on MRI [20]. Early series
evaluating the role of US reported that US tends to underestimate residual tumor
size and is less accurate than physical examination [21-23]. MRI is the first breast
imaging modality that not only allows detailed visualization of the anatomy but
also—when an intravenous contrast agent is administered or advanced sequences,
such as DWI or spectroscopy, are used—provides functional information. This
article reviews the published data on the role of breast MRI in assessing tumor
response in women receiving neoadjuvant chemotherapy.

5.3 Magnetic Resonance Imaging Compared to Other
Modalities

Breast MRI traditionally has a high reported sensitivity of up to 97% for the detec-
tion of invasive breast cancer, with a wide range between 50 and 100% for the
assessment of response to NAC. This high sensitivity is dependent on the ability of
MRI to differentiate untreated hypervascular tumor from the background enhancing
glandular breast tissue (Fig. 5.1). In patients undergoing NAC, the anti-angiogenic
effect of cytotoxic chemotherapy agents reduces tumor vascularity. This decrease in
tumor vascularity would be expected to be associated with a decrease in enhance-
ment of that lesion on MRI. This dampening effect of chemotherapy on enhance-
ment of the lesion may compromise the ability to visualize residual viable tumor
(Fig. 5.2). However, the alteration of tumor vascularity or other MR characteristics
can help identify predictive features to differentiate patients whose cancer is likely
to respond to the chemotherapy from those whose cancer would not respond. The
dampening effect is not only observed with the tumor but also with the background
parenchyma. The average decrease in background enhancement after NAC in cases
with complete response was more than in cases with partial response, stable disease,
or progressive disease [24].

In the last decade, over 40 studies have been published on the use of MRI in
identifying assessing treatment response [3, 10—49]. Many of these studies are
single-center trials with small sample sizes, or are meta-analysis of the small sam-
ple size studies. The studies vary in many parameters such as the criteria used for
distinguishing complete responders from partial responders and non-responders.
The MRI examinations performed in each trial are not standardized with regards to
the Tesla strength of the scanners, number and type of MRI sequences performed
for each examination, number of post-contrast sequences performed, timing of
post-contrast sequences, or addition of advanced imaging techniques such as DWI
or spectroscopy. Despite these differences, many of the observations from these
studies are similar. MRI tends to perform better than clinical exam, mammography,
or US and is a more reliable method in assessing tumor size. US was suggested to
be more likely underestimate tumor size [24]. A small percentage of investigators
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Fig. 5.2 49 year old female with outside excisional biopsy for a palpable finding revealing inva-
sive lobular carcinoma, who received NAC followed by mastectomy. Mammogram prior to NAC
(a) and after NAC (b) show no significant change. Sagittal post-contrast fat-saturated MRI prior to
(c) and after chemotherapy (d) shows complete response by imaging, with no residual suspicious
enhancement. Final pathology reveal 10 cm tumor bed with 15% cellularity
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noted no difference between the performance of MRI and US [25-29]. Conflicting
observations remain with regards to the best modalities for assessing response,
even though MRI is favored, with PET/CT emerging as possible better modality.
The ability of MRI in assessing specific features is discussed in further details
below.

5.4 MRI Assessment of Tumor Size

Accurate measurement of tumor size, before NAC, is important for staging, treat-
ment monitoring and determining prognosis. Tumor size has been known to predict
patient survival and is the basis of most disease-staging systems [21]. Studies have
shown that imaging-based measurements are superior to clinical palpation in deter-
mining tumor size [31-35]. Specifically MRI better reflects true pathological tumor
size than does physical examination, mammography, or US and is also superior in
predicting the amount of residual disease after NAC [31-35]. Several studies have
shown that MRI prediction of tumor response to NAC correlates well with pathol-
ogy, with the correlation coefficient (r) ranging between 0.6 and 0.9 [31, 37-42].
MRI is not a perfect test and can over estimate or under estimate final pathological
tumor size, with a tendency to over-estimate in as many as 6-33% of the cases
[35-37, 41]. US, on the other hand, tends to underestimate tumor size [30]. The
amount of MRI overestimation is small or within 1 cm of the final tumor size, and
may not be statistically significant [36, 37]. The residual tumor that MRI may miss
post-NAC is also small, ranging between 0.1 — 1.0 cm with median of 0.6 cm [43,
44]. MRI may also underestimate residual disease in 2—10% of cases, especially if
the tumor shrinkage pattern is patchy with areas of necrosis between nests of viable
tumor or residual single tumor cell or tiny foci scattered over a large area [37, 39,
42-44]. Underestimation by MRI may be more frequently seen with some chemo-
therapy agents than others. For example, underestimation was seen more frequently
in locally advanced breast cancer patients treated with docetaxel-based chemo-
therapy, than in those treated with 5-fluoro-uraci-epirubicin regimens [44]. These
contradicting observations of underestimation and overestimation by MRI are
derived from single institutional trials with small sample sizes. Therefore, valida-
tion studies are needed with larger sample sizes and standardization chemotherapy
regimens.

Tumor volume calculations, in combination with largest tumor diameter, have
been proposed as a better parameter to assess response to NAC. Partridge et al. [40]
reports that a change in the final tumor volume measurements by MRI had a
stronger association with RFS compared to other prognostic indicators such as
largest tumor diameter [40]. This volume change can be observed after only one
cycle chemotherapy, and is suggested to be associated with RFS. Martincich and
colleagues also compared largest tumor size with tumor volume as possible predic-
tors for response to therapy; the authors noted that a tumor volume reduction of
more than 65% after two cycles of chemotherapy was the most predictive value for
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predicting histological response [41]. The findings from these single center trials
are confirmed in the multicenter I-Spy trials, discussed in further detail later in this
chapter. Regardless whether maximum size or volume calculation is performed,
defining the margins of the residual tumor burden can be challenging during and
after NAC due to the dampening effect of chemotherapy on the contrast enhance-
ment [15, 40, 41]. Still, MRI is more accurate for estimating size and extent of
residual disease than conventional imaging when there are multifocal cancers but
less sensitive when there is minimal residual disease. This suggests that when
assessing for response, the different tumor biology, the genomic information of
breast cancer, and the type of chemotherapy need to be taken into account and not
just the size of tumor or stage [45—48]. MRI does provide additional information
on tumor vascularity and enhancing pattern of tumor may be relevant to evaluation
of response when combined with morphologic assessment and size or volume
change from NAC.

5.5 MRI Assessment of Tumor Enhancement

Even though the widely used RECISTS criteria is based on the largest diameter of
the cancer, alteration of enhancement pattern and change in the internal enhance-
ment may also provide prognostic information to aid in predicting response to
therapy. Tumor enhancement is subjectively characterized as early phase (0-60
s), initial enhancement (60—120 s) of the dynamic series, or delayed phase (more
than 120 s) after injection of a gadolinium-based intravenous contrast. Balu-
Maestro and colleagues reported the disappearance of early or initial abnormal
enhancement in five cases of complete histological response [32]. Rieber et al.
found that flattening of the time-intensity curve or disappearance of the washout
segment of the kinetic curve after one course of chemotherapy and absence of
contrast uptake after four courses of NAC predicts complete pathological response
[48]. Other investigators observed decreases in both the rate and magnitude of
contrast enhancement within the tumor mass in patients whose disease responded
to chemotherapy (Fig. 5.3), and an increase or no change in patients whose dis-
ease responded poorly to therapy (Fig. 5.4) [45, 49]. Loo et al. reported the change
in the largest diameter of late enhancement after 2 cycles of chemotherapy was
the most predictive MRI characteristic for tumor response: a decrease less than
25% in largest diameter of late enhancement was indicative of residual tumor at
final pathological examination [50]. A feasibility study in 19 women of tumor
washout volume during the late enhancement phase demonstrated a significant
reduction of the washout volume, after two cycles of chemotherapy [51]. The
tumor volume reduction by more than 65% after two cycles of chemotherapy was
reported as a stronger predictor of histopathological response than early enhance-
ment ratio [41]. The change in the internal enhancement from heterogeneous to
homogenous was also observed in responders compared to non-responders [52].
Indirectly, the changes in contrast enhancement time curves and internal tumoral
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Fig. 5.3 60 year old female with diagnosis of inflammatory breast carcinoma who received NAC.
(a) Pretreatment sagittal post-contrast fat-saturated MRI with color-overlayed angiogenic map
revealed multicentric breast carcinoma with diffuse skin thickening and kinetic curve demonstrates
rapid initial enhancement with delayed washout curve. (b) After NAC, MRI revealed near normal-
ization of the left breast size with residual skin thickening. The enhancement is markedly decreased
and the kinetic curve demonstrates more benign enhancement similar to normal breast tissue. MRI
finding suggest response to therapy and reflects final pathology with only residual isolated tumor
cells measuring 0.5mm and post-therapy effect

heterogeneous enhancement may produce biological information such permeabil-
ity and vascularity in combination with genomic information to predict resistance
to therapy.

5.6 Functional MRI Assessment: Diffusion-Weighted MRI

DWI can provide additional information to contrast enhanced MRI since DWI uses
motion-sensitizing gradient techniques to assess the movement of water molecules
and can characterize cell density, membrane integrity, viscosity, and microscopic
cellular environment. DWI technique requires little time for image acquisition and
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Fig. 5.4 58 year old female with hormonal positive right breast invasive lobular carcinoma treated
with 8 cycles of weekly Taxol and Fluorouracil, Epirubicin and Cyclophosphamide (FEC) for 5
cycles. Physical exam suggested clinical response. (a) Axial post-contrast fat-saturated MRI
revealed diffuse non-mass enhancement with delayed washout curve, compatible with multicentric
disease. (b) Axial post-contrast fat-saturated MRI after NAC showed little change with persistent
diffuse enhancement. Patient had mastectomy revealing residual 13 cm tumor with 10% viable
tumor cellularity

evaluation, between 2 and 5 min. The concept behind DWI is that diffusion of water
molecules is restricted or decreased in tissues with high cellularity such as malig-
nant tumors, compared to benign lesions or normal breast tissue. Breast tumor, with
restricted diffusion, appears bright on DWI and dark on parametric apparent diffu-
sion coefficient map (ADC). The ADC map is created to compensate for the T2
shine-through artifact that occurs with diffusion weighted images. ADC values cor-
relate inversely with the tissue cellularity i.e. tumor has lower ADC than benign
breast lesions, and benign breast lesions have lower ADC than normal breast tissue.
Quantitative analyses are employed to distinguish between zones of viable cells,
edema, and necrosis for treatment planning. Serial changes in tissue cellularity in
response to therapy are measurable by diffusion using various quantitative methods
that include whole-tumor ADC average, histogram analysis, and pre-treatment ver-
sus post-treatment voxel-based differences.
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NAC is cytotoxic and damage or kill cells, altering the cell membrane and integ-
rity. This change is hypothesized to cause an increase in water mobility and is dem-
onstrated on imaging as an increase in ADC on DWI. The increase in ADC may
allow detection of earlier therapy changes or response to therapy, with the hope of
predicting treatment outcome. However, the practice and techniques for DWI are
not standardized and its role in response assessment remains an active area of
research. Small sample-size single center studies have reported that an increase in
tumor ADC or a change in tumor ADC after the first cycle of therapy or early treat-
ment time point is predictive of response to therapy, and is observed even before a
change in tumor size or vascularity is detected [53-55]. The ADC measurements
from pretreatment DWI did not predict response to therapy in breast cancer [S6-59].
The combination of contrast enhanced breast MRI with DWI had the best diagnostic
performance than the individual techniques [59]. When compared to tumor size
prediction on MRI, ADC performed better in predicting responders from non-
responders with reported sensitivity of 100% compared to 50% for volume and 70%
for diameter measurements [60]. The preliminary results on DWI from these single
centers are promising for ADC as a prognostic indicator of treatment response.
Multicenter trials are needed to standardize this technique as well as verify the find-
ings of single center studies.

5.7 Multicenter Clinical Trials: I-SPY Trials

The I-SPY TRIAL (Investigation of Serial studies to Predict Your Therapeutic
Response with Imaging And moLecular analysis) is a clinical trials platform inte-
grating molecular and imaging biomarkers to evaluate treatment response for
women receiving NAC for breast cancer [60-62]. As part of the first phase of I-SPY
(I-SPY “17), American College of Radiology Imaging Network (ACRIN) trial 6657
was performed to test dynamic contrast-enhanced (DCE) MRI for ability to predict
response to treatment and risk of recurrence in patients with stage 2 or 3 breast can-
cer. Women with T3 tumors measuring at least 3 cm in diameter by clinical exam or
imaging and receiving NAC with an anthracycline-cyclophosphamide (AC) regi-
men alone or followed by a taxane were eligible to enroll. MRI were performed
within 4 weeks prior to starting AC chemotherapy (MRI)), at least 2 weeks after the
first cycle of AC and prior to the second cycle of AC (MRL,), between AC treatment
and taxane therapy if taxane was administered (MRI;), and after the final chemo-
therapy treatment and prior to surgery (MRL,). The study schema is shown in Fig.
5.5. 237 patients were enrolled between May 2002 and March 2006, of which 230
met eligibility criteria. In an initial analysis MRI was found to be strongly associ-
ated with both pCR and residual cancer burden (RCB), with the greatest advantage
over clinical assessment found early in treatment using a volumetric measurement
of tumor response [63]. In further analysis of the volumetric approach, functional
tumor volume (FTV), a metric measured by applying contrast-enhancement thresholds
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Fig. 5.5 1-SPY 1 TRIAL/ACRIN 6657 trial schema. MRI exams were performed prior to starting
AC chemotherapy (MRI,), prior to the second cycle of AC (MRIL,), between AC treatment and
taxane therapy (MRI;), and after the final chemotherapy treatment (MRI,)

to MR images, was evaluated for prediction of RFS. FTV was found to be highly
associated with RFS and a stronger predictor than pCR. Predictive performance was
highest when FTV was combined with histopathologic variables (pCR and RCB)
and tumor subtype (HR/HER?2) [64]. FTV predicted RFS as early as after one cycle
of AC chemotherapy and exploratory Kaplan-Meier analyses suggested that both
the optimal timing and predictive performance were different among subtypes
defined by HR/HER?2 status.

The second phase of I-SPY (I-SPY “2”), is an adaptive, phase II clinical trial
designed to identify promising new agents for breast cancer with a high probability
of success in a subsequent phase III trial. In I-SPY 2, patients are screened to iden-
tify those with high risk of recurrence according to the Mammaprint 70-gene signa-
ture, ER and PR hormone receptor status (HR) and HER2 receptor status. The
MammaPrint test is a genomic test that analyzes the activity of certain genes in
early-stage breast cancer. Low risk patients, defined as Mammaprint low, HR+ and
HER2-, do not continue to the experimental treatment phase of the trial. Included
patients are randomized to one of several sub-arms testing either paclitaxel alone or
paclitaxel in combination with an investigational new drug, selected on the basis of
phase I safety data and preliminary evidence of efficacy in the HER2+ and/or HER2-
population. Following the taxol-based regimen, all patients continue to standard
chemotherapy with doxorubicin and cyclophosphamide. As part of the adaptive
design of I-SPY 2, change in MRI FTV measured at serial time-points during che-
motherapy is used to adjust the randomization schema as the trial proceeds. Drugs
“graduate” from I-SPY 2 when they reach a Bayesian predictive probability of
achieving 80% success in a subsequent phase III study, but can be dropped for futil-
ity if statistical significance is not reached after a predetermined number of patients
have been assigned to that drug arm. Drugs graduate within subtypes defined by
hormone receptor (HR) status, HER2 status and Mammaprint score. I-SPY 2 opened
in March 2010 at 20 clinical sites. As of January 2016, 3 agents have graduated from
[-SPY 2. In addition to incorporating MRI for FTV measurement in [-SPY 2, an
imaging science component was added to test DWI. Similarly to the earlier ACRIN
6657 trial, ACRIN 6698 was designed to prospectively test ADC measurements
from DWTI for ability to predict response to treatment. ACRIN 6698 opened as an
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imaging sub-study of I-SPY 2 in 2012 and reached its accrual target in January
2015. The results from ACRIN 6698 are currently being analyzed.

5.8 Conclusion

For larger size tumor, such as in locally advanced HER?2 positive or triple negative
breast cancers, neoadjuvant chemotherapy is a standard of care. The role of neoad-
juvant in TNBC subtype cancers is somewhat mixed, and non-linear while the ben-
efit on survival with hormonal receptor positive breast cancer remains unclear.
Further investigation is needed to assess tumor response to NAC and potential ben-
efit on recurrent free survival or survival rate among all molecular subtypes of breast
cancers. The ability to predict response, accurately assess residual disease, and cor-
relation with biology of different cancers as well as tumor genomics remain a chal-
lenge. The techniques related to breast MRI exams have standardized in the last few
years. However, the MR imaging features that best predict response remain unclear.
Trying to identify specific features that consistently predict outcome is difficult
since the available published trials either have small sample size, use different che-
motherapy agents between trials, different contrast agents, different parameters
measured, or different patient population with different tumor biology and unknown
tumor genetics. The two I-SPY trials use consistent MRI techniques and confirmed
that volume assessment best predicts response. DWI is now widely performed as a
part of breast MRI exam, and has promising preliminary results. Since the ultimate
outcome of a successful chemotherapy regimen is destruction of the tumor, includ-
ing its neovascular system and internal composition, dynamic contrast-enhanced
breast MRI coupled with DWI or other functional imaging MR techniques remain
the best modality for visualizing the exquisite anatomic change within a tumor.
Combining MRI with PET/CT or molecular imaging are promising frontiers for
future research to assess residual disease after NAC.
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Chapter 6
Breast MRI and Implants

Claudia Seuss and Samantha L. Heller

Abstract Breast augmentation is the most common cosmetic surgical procedure
performed in the United States. Magnetic resonance imaging (MRI) is the most
sensitive modality for evaluating implant integrity. MRI also has the potential to
detect breast cancer in women with implants. This chapter reviews the use of breast
MRI in women with implants for identification of implant rupture and breast cancer
detection. Implant imaging pitfalls as well as future MRI techniques and sequences
for evaluating breast implants will also be addressed.

Keywords Breast implants * MRI e Silicone ¢ Saline * Intracapsular rupture
Extracapsular rupture * Implant integrity * Radial folds ¢ Breast cancer ¢ Diffusion
Weighted Imaging (DWI) ¢ Spatiotemporally encoded (SPEN) e« Anaplastic
lymphoma

6.1 History of Breast Implants

The history of breast reconstruction dates back to 1895, when Czerny used a lipoma
from a patient to augment her breast after removal of an adenoma [1]. After this, in
the early 1900s there are reports of paraffin injections used for breast augmentation;
however, due to the high incidence of complications including tissue necrosis,
inflammatory reactions, draining sinus tracts and hard masses termed ‘paraffin-
omas’ its use was discontinued by the 1920s [2]. In the late 1940s surgeons experi-
mented with plastic implants including silicone sponges. Shortly after their
development however, many complications including capsular contracture, seroma,
fistulation and infection became apparent and their use rapidly declined. In the
1940s and 1950s silicone injections became popular. However it was soon noted
that pure liquid silicone tended to migrate away from the injection site. This fueled
the idea of adding fibrosing agents such as vegetable oils and fatty acids to silicone;
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however these were not well tolerated and produced painful silicone granulomas,
skin sloughing, granulomatous hepatitis, embolism and even death. With such seri-
ous complications, these injected substances were banned in many countries.

In 1963, Dr. Thomas Cronin introduced what is now recognized as the modern
silicone gel-filled implant, created by placing silicone gel in a bag consisting of rub-
berlike silicone elastomer [3]. The first generation of silicone gel-filled implants,
which were manufactured between the 1960s and 1970s had a thick shell, a periph-
eral seam and a backing of Dacron mesh, which was meant to promote tissue
ingrowth and fixation along the posterior surface. From mid 1970s to the late 1980s
a second generation of silicone gel-filled implants were manufactured, which had a
thin elastomeric shell, and less viscous silicone gel. The third generation of silicone
gel-filled implants, which have been produced since the 1980s have a multilayer
shell, with a barrier layer and thick silicone gel. Although saline filled implants
never attained the popularity of the silicone-gel filled implant, they have been used
since the 1960s in the United States [2].

Concerns about implant related complications led the FDA to place a morato-
rium on commercially available silicone breast implants in 1992, limiting their use
to patients requiring breast reconstruction and replacement of existing implants.
Potential feared complications included low birth weights of infants born to women
with silicone implants and increased incidence of brain tumors and suicide rates in
women with silicone implants. The most widely publicized concern was related to
the development of collagen vascular disease in women with silicone implants due
to an immunologic response [4]. Eleven years later, following 15 studies involving
34,000 subjects, with 7—15 years of follow-up data and no evidence of the above
mentioned complications, the FDA allowed implants back on the market [4].

6.2 Types of Implants

There have been innumerable types, styles and sizes of implants developed over the
past century. Different shapes, sizes, components, shell texturing, fixation patches
and valves have been developed to provide sufficient variation for women. In their
review of breast implant classification, Middleton and McNamara noted over 240
breast implant styles from American manufacturers alone [2].

The most frequently encountered breast implant is the single-lumen silicone gel
filled implant, which consists of an outer silicone elastomer semipermeable implant
shell filled with silicone gel (Fig. 6.1). The silicone gel is a lightly crosslinked
polymer of polydimethylsiloxane (PDMS) [5]. Single-lumen implants also come in
an adjustable variety, in which saline can be added to the lumen at the time of
placement [2]. Saline implants consist of the same silicone elastomer shell, and are
filled centrally with saline. These implants often have a fill valve which is visible
on imaging.

Less commonly encountered is the standard double-lumen implant, which con-
sists of a silicone gel filled inner lumen and a saline outer lumen. The primary
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Fig. 6.1 (a) Axial STIR with water suppression (silicone sensitive) MRI image showing bilateral
intact silicone implants. Signal from the saline component of the phantom (white arrow) is sup-
pressed. High intensity signal from the silicone component of the phantom (black star) matches
the high signal of the silicone implants. (b) Axial STIR with silicone suppression MRI image
showing bilateral intact silicone implants. There is high intensity signal from the saline component
of the phantom (white arrow). Suppressed signal from the silicone component of the phantom
(white star) matches the suppressed signal of the silicone implants

purpose of this implant type is to allow size adjustability at the time of and after
implant placement. A reverse double lumen implant, most commonly used after
reconstructive surgery, consists of a saline filled inner lumen and silicone gel outer
lumen. Size adjustments can be made by adding saline to the inner lumen while
preserving the feel of a silicone gel-filled implant. A gel-gel double lumen implant
consists of silicone gel within the inner and outer lumens.

Additional more rarely encountered implants on the market include reverse-
adjustable, triple-lumen, double lumen Cavon “cast gel”, custom, soft pectus, non-
adjustable sponge, adjustable sponge and others [2].

Breast implants can be placed behind the glandular tissue but anterior to the
pectoralis major muscle (termed subglandular, retroglandular or retromammary
position). This position maximizes the augmentation effect of the implant, but
obscures more breast tissue on mammogram, limiting evaluation. Alternatively,
implants may be placed posterior to the pectoralis muscle (termed subpectoral or
retropectoral position); this is the case for all implants placed after total mastec-
tomy [6]. After placement, a thin fibrous capsule of scar tissue normally forms
around the implant. On occasion, pronounced fibrous capsule formation can occur
with silicone implants, which causes discomfort and alters the shape of the breast.
This is known as capsular contracture and can be difficult to diagnose by imaging.
Although surgically more challenging to place, advantages of subpectoral implants
include lower rate of capsular contracture and easier imaging of the surrounding
breast tissue [1].

6.3 Imaging of Implants

Breast augmentation is the most common cosmetic surgical procedure performed in
the United States, and has been since the FDA re-approved the use of silicone
implants in 2006. In 2014 there were 286,254 cases of breast augmentation with
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implants reported, a 35 % increase since 2000 [7]. With the widespread preva-
lence and ever increasing number of women with implants, there is an ongoing
need to evaluate breast implant integrity as well as to identify breast cancer in
women with implants.

6.4 Mammography

The primary indication for performing mammography in women with implants is to
detect breast cancer. Conventional mammography is of little value in the assessment
of implant integrity, with sensitivity ranging from 25 to 68 % [8] (Fig. 6.2). The
sensitivity of screening mammography for detecting malignancy is also decreased
in the presence of implants and has been reported at 45 % versus 67 % in patients
without implants [9]. Mammography does however remain useful for the evaluation
of the surrounding breast tissue and for the detection of extracapsular silicone rup-
ture. Additionally, mammography can identify periprosthetic calcifications, which
are occasionally seen with capsular contracture as well as focal bulges or contour
deformity of the implant shell. Given that mammography is the main screening tool
to identify breast cancer in women, annual mammography is still recommended in
patients with implants.

6.5 Ultrasound

There are conflicting reports on the usefulness of ultrasonography for detecting
implant ruptures, which may reflect the variation in exam quality depending on the
experience of the operator, type of equipment used, and technical factors [8].
Ultrasound can delineate some of the internal structure of the implant, particularly
in the anterior aspect and therefore can detect both intracapsular and extracapsular
rupture. Intracapsular rupture is seen as a series of horizontal echogenic straight or
curvilinear lines traversing the interior of the implant, commonly known as the step-
ladder sign [10] (Fig. 6.3). Extracapsular silicone has the characteristic “snow-
storm” appearance characterized by a highly echogenic pattern of scattered and
reverberating echoes with a well-defined anterior margin and loss of detail posteri-
orly (Fig. 6.4). Ultrasound is also able to detect small amounts of free silicone
within axillary lymph nodes, manifesting as the characteristic echogenic snowstorm
appearance.

Ultrasound has proven to be useful in patients who are claustrophobic or unable
toundergo MRI because of unsafe implanted devices such as pacemakers. Importantly
however, silicone does cause marked attenuation of the ultrasound beam; thus evalu-
ation of the back wall of an implant and the tissue posterior to it is limited.
Additionally, previous silicone injections and residual silicone granulomas from
extracapsular rupture will significantly limit ultrasound evaluation [11].
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Fig. 6.2 (a) Right MLO view mammogram shows a subpectoral silicone implant, which appears
intact (black asterix). (b) Axial STIR with water suppression (silicone sensitive) MRI image from
the same patient demonstrates the “linguine sign” (white arrow) of intracapsular implant rupture
on the right, which was not detected on mammography performed the same day

Fig. 6.3 Image from an
ultrasound demonstrates
the stepladder sign of
intracapsular silicone
implant rupture (white
arrowheads). The
discontinuous parallel
echogenic lines represent
the collapsed implant shell
within the implant lumen

6.6 Magnetic Resonance Imaging

Magnetic resonance imaging is the most accurate noninvasive method available to
evaluate silicone gel-filled implant integrity. The FDA currently recommends that
asymptomatic women with silicone implants undergo an MR imaging examination to
check for implant rupture 3 years after placement and then every 2 years thereafter.
In addition, MR imaging is recommended to evaluate for implant rupture if the patient
is having new breast symptoms [12]. This is because although clinical signs of
implant rupture may include contour deformity, displacement, and mass formation,
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Fig. 6.4 Image from an
ultrasound demonstrates
the “snowstorm” pattern
of extracapsular silicone
implant rupture (white
arrows)

the diagnosis of implant rupture based on physical exam findings is extremely insen-
sitive, with failure to diagnose implant rupture in greater than 50 % of ruptures [13].
The overall sensitivity of MRI for detection of implant rupture is between 80 and
90 % and its specificity is between 90 and 97 % [14].

6.6.1 MRI Sequences

Currently breast implant imaging can be performed on 1.5 and 3 T MR scanners
from all major manufacturers using a dedicated breast imaging coil. Studies are
performed in the prone position to minimize respiratory artifact and to allow the
implant to be imaged in maximum size. The MR sequences that are used in silicone
implant imaging are strategically developed to separate three main components:
water, silicone and fat [4].

We find imaging of a saline bag/silicone phantom to be helpful both in terms of
aiding confirmation of implant material, but also as a quality control measure for
signal suppression (Fig. 6.1). Implant sequences can be performed using 5 mm
slices and can be performed in under 15 minutes; however, a longer high resolution
sequence may be useful for thin shell and some standard double-lumen implants
when early rupture detection is difficult.

We suggest that MRI to evaluate for implant rupture should include a scout local-
izer sequence, to help plan other sequences. The scout sequence is useful for exam-
ple, in the rare situation when extracapsular silicone has spread outside the normal
field of view (FOV), and can be utilized to plan extended FOV studies. A bilateral
2D axial T2-weighted turbo spin-echo sequence is used to differentiate water from
silicone in cases of failure of nulling or suppression.
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A bilateral 2D axial short tau inversion recovery sequence with water saturation is
the main sequence used to detect intracapsular and extracapsular rupture of silicone
implants. In this sequence silicone will appear hyperintense against a dark back-
ground of fat and water suppressed images. The dark implant shell folds will contrast
with the bright silicone gel in cases of intracapsular rupture.

A bilateral 2D axial short tau inversion recovery sequence with silicone satura-
tion is used to increase confidence in detecting extracapsular soft-tissue silicone. In
this sequence, water and fat will appear hyperintense, and silicone will be hypoin-
tense, and thus extracapsular silicone will appear dark against a bright background.
This sequence is not used to detect intracapsular implant rupture because the
hypointense implant shell folds are not well seen against the background of sup-
pressed (hypointense) silicone gel.

Additional sequences used to evaluate implant integrity at our institution include
a bilateral 2D axial STIR, bilateral 2D axial T2 and a bilateral 2D axial T1-weighted
volumetric interpolated breath-hold examination (VIBE) (see Table 6.1).

6.7 Implant Integrity/Complications

The normal silicone implant should have a smooth, well-defined margin with homo-
geneous appearance of silicone on MRI. Breast silicone implants are designed to
approximate the cosmetic ptosis of a normal breast and, thus are not meant to be taut.

Table 6.1 Protocol for implant evaluation (3 T magnet)

Description Main parameters Uses
Bilateral 2D axial Turbo spin-echo, 5 mm slice | Allows differentiation of water from
T2-weighted thickness, TR 3000 ms, TE | silicone in cases of nulling/suppression

unsupressed, breast
coil

79.0 ms, 384 x 288 matrix,
1 average

failure

Bilateral 2D axial
STIR, breast coil

Turbo spin-echo, 5 mm slice
thickness, TR 3500 ms, TE
61.0 ms, 320 x 256 matrix,
2 averages

Used in conjunction with unsuppressed
T2 to confirm fat signal, which will be
hypointense on this sequence

Bilateral 2D axial
STIR, silicone
saturated, breast coil

Turbo spin-echo, 5 mm slice
thickness, TR 4000 ms, TE
61.0 ms, 320 x 256 matrix,
2 averages

Used to confirm the presence of
extracapsular silicone, which will
appear hypointense

Bilateral 2D axial
STIR, water
saturated, breast coil

Turbo spin-echo, 5 mm slice
thickness, TR 4000 ms, TE
61.0 ms, 320 x 256 matrix,
2 averages

Main sequence to detect intracapsular
and extracapsular implant rupture

Bilateral 2D axial
T1- weighted VIBE,
breast coil

Gradient echo, 0.9 mm slice
thickness, TR 3.78 ms, TE
1.11 ms, 448 x 358 matrix,
1 average

High resolution sequence useful for thin
shell and some standard double-lumen
implants when early rupture detection is
difficult. Can also be used to evaluate
non-implant related breast findings
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Fig. 6.5 Axial STIR with water suppression (silicone sensitive) MRI image demonstrates a radial
fold (white arrow) on multiple slices of the right breast implant (a—d). When scrolling through the
entire sequence, the radial fold extends to the surface of the implant shell. This is in contrast to the
hypointense curvilinearities signaling intracapsular rupture (“linguine sign”) seen in the left
implant (black arrows) (a—d)

This means when an under-filled implant is placed into a confined space, it in-folds
on itself as needed to conform to the space, and as such minor rippling or undulation
is a normal finding on MR imaging. This commonly seen fold pattern can cause
confusion as it mimics implant rupture; however normal folds should extend from
the edge of the implant shell inward (Fig. 6.5). Additionally, no silicone should ever
be seen outside the implant as a whole, along the inner surface of the fibrous capsule
or within the folds themselves.

6.7.1 Intracapsular Rupture

When breast implants fail, the most common cause is a small defect or worn area
of the implant shell. A large percentage of implant failures occur during surgical
implantation; however tears can also occur in-vivo. While trauma can cause an
implant to rupture, most implant ruptures have no identifiable cause. The most
important factor predisposing an implant to rupture is age of the implant. Historically
the prevalence of implant rupture is approximately 30 % at 5 years after implanta-
tion, 50 % at 10 years and 70 % at 17 years, with the median age of implants at
rupture being around 10.8 years [15]. Additional studies, however, have shown
lower rates of implant rupture with later-generation silicone implants [16—18].

When there is a defect in the implant elastomer shell, silicone gel will slowly
ooze out, but will be contained in the intracapsular space by the outer fibrous cap-
sule. Over time the escaped silicone contained by the fibrous capsule will surround
the implant elastomer shell and cause it to collapse into the pool of remaining
silicone.
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Fig. 6.6 Axial STIR with
water suppression
(silicone sensitive) MRI
image shows the
“keyhole” sign (white
arrow) of intracapsular
rupture on the right. At
surgical explantation, right
intracapsular implant
rupture was confirmed

Four categories of implant intracapsular rupture have been described, from early
to advanced; these include uncollapsed, minimally collapsed, partially collapsed
and fully collapsed [19]. Describing intracapsular rupture by stage using these com-
mon terms can be helpful and informative for surgeons and patients when making
clinical decisions.

Uncollapsed, or very early implant rupture is seen as silicone gel present in folds
outside of the implant shell but contained by the fibrous capsule. This has been
referred to by a variety of names including the inverted-loop sign, keyhole sign,
teardrop sign or hangnoose sign. This occurs when silicone oil osmotically trans-
gresses the intact elastomer shell and adheres to the fibrous capsule. Later when a
tear occurs in the elastomer shell, the liquid silicone will slowly leak out; however
it cannot circumferentially extend between the shell and the capsule, as it is con-
fined by the shell-capsule adherence. As a result, the exiting silicone gel accumu-
lates focally and begins to invaginate the otherwise intact regions of the elastomer
shell; this has the appearance of a keyhole. This is the most common sign of implant
rupture, but it is less specific than other signs described below, especially in cases
with motion artifact or suboptimal slice thickness when the keyhole sign can be
confused with normal radial folds (Fig. 6.6).

Minimally collapsed intracapsular implant rupture occurs when silicone gel is
seen within shell in-foldings as well as between stretches of the implant shell
and fibrous capsule. This appearance has been called the ‘subcapsular line’ or
‘back-patch’ sign and is seen as dark signal paralleling the dark signal of the
fibrous capsule with silicone on both sides.

The ‘C-sign’ has been used to describe partially collapsed intracapsular implant
rupture, and describes a finding seen only with implants from the late 1960s and early
1970s. These implants had thick shells which tended to curl when the implant shell
collapsed to the point where there was not enough silicone gel remaining to keep the
shell-patches flat. This sign is rarely seen today as these implants are now quite old.

The final and most advanced stage of implant rupture, known as fully collapsed,
occurs when the implant shell is completely collapsed within the silicone gel that it
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used to contain. The elastomer shell which is dark on MR imaging appears as wavy
lines within the silicone gel. This curvilinear appearance has been called the “lin-
guine” or ‘wavy-line’ sign and is the most specific sign of intracapsular implant
rupture (Fig. 6.2b).

6.8 Saline Implants

As opposed to silicone implants, saline-filled implants do not rupture, but instead
are said to deflate. If there is a defect in the shell or the valve of a saline-filled
implant, the saline leaks into the breast parenchyma and will be resorbed within 5
days to 2 weeks. Imaging is not necessary as the clinical exam finding of a deflated
implant will be obvious; however if imaging is done for another reason and there is
a deflated saline-filled implant in place the appearance is characteristic (Fig. 6.7).

6.8.1 Extracapsular Rupture

If the fibrous capsule is disrupted for any reason, silicone that has escaped the elas-
tomer shell can also escape through the capsule and into the breast, referred to as
extracapsular rupture (Figs. 6.8 and 6.9). Extracapsular silicone can be seen as dif-
fusely infiltrating silicone gel collections with or without their own fibrous capsules,
silicone granulomas and silicone adenopathy [19].

Diffusely infiltrated silicone gel and silicone gel collections will have the same
T2-weighted signal as the silicone contained within intact implants. Silicone granu-
lomas and silicone adenopathy however, will appear less bright on T2-weighted

Fig. 6.7 Axial STIR
image in a woman with
bilateral saline implants
demonstrates deflation of
the right saline implant
(white arrow). This
patient also had clinical
findings compatible with
right saline implant
rupture
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Fig. 6.8 (a) Axial STIR with water suppression (silicone sensitive sequence) MRI image demon-
strates extensive hyperintense material throughout the left lateral breast (white arrows) compatible
with extracapsular silicone. (b) Axial STIR with silicone suppression (water sensitive sequence)
MRI image demonstrates the material in the left lateral breast is hypointense (white arrows), com-
patible with extracapsular silicone

sequences due to fibrosis and have a more heterogeneous appearance with scattered
hyperintense T2 foci [19].

When silicone is seen outside the fibrous capsule without signs of intracapsular
rupture this should raise the possibility that the current implants are replacements for
previously removed implants. Silicone remnants are occasionally inadvertently left
in the breast and other times en-bloc removal of the entire implant is not feasible.

6.9 Pitfalls

The most common interpretation pitfall in MR imaging of implants is distinguishing
complex folds from the linguine sign of intracapsular implant rupture. The key to
differentiating between these entities is to scroll through the images and evaluate
whether or not the folds extend all the way to the fibrous capsule surface, a finding
which strongly suggests normal folds. Additionally, evaluating the implants in at
least two orthogonal planes can be helpful when there is a questionable finding
which may be normal folds versus intracapsular rupture.
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Fig. 6.9 (a) Axial water suppressed sequence demonstrates free silicone at the medial aspect of the
implant, consistent with extracapsular rupture (white arrow). (b) This also seen on axial silicone
suppression sequence (white arrow). (¢) The implant also demonstrates intrcapsular rupture with
multiple curvilinear hypointense lines seen on this axial water suppressed image (black arrows)
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Another common pitfall occurs when small amounts of silicone oil osmotically
transgress the intact elastomer shell and accumulate between the fibrous capsule
and shell. Occasionally, because the oils maintain silicone signal, the accumula-
tion of such oils can cause confusion with small inverted-loop appearances.

Sometimes it can be difficult to differentiate between a single lumen implant
with intracapsular rupture and a double-lumen implant where no saline was
placed in the outer lumen or the outer lumen saline deflated previously. In this
situation, medical records and old mammograms can be very useful. Additionally,
high resolution implant imaging can sometimes identify both the inner and outer
lumen shells [19].

An additional, less frequently encountered pitfall occurs when extracapsular
soft-tissue silicone is seen as an enhancing mass within the breast, which can be
confused with malignancy. However, silicone granulomas and silicone fluid collec-
tions usually enhance with benign enhancement characteristics, and implant spe-
cific imaging sequences (silicone-sensitive and silicone-saturated) can also help
resolve this dilemma. Breast MRI can be particularly helpful in women with free
silicone injections. Mammography and ultrasound have limited sensitivity in this
population, but a silicone suppression sequence may be employed in conjunction
with a contrast-enhanced study in order to differentiate between concerning lesions
and silicone (Fig. 6.10).

6.9.1 Implants and Breast Cancer

There is no direct association between breast implants and breast cancer; how-
ever as patients with breast implants age, there is an anticipated increase in the
number of breast cancers seen in women with augmented breasts [20]. While
mammography is still the primary imaging technique for detecting breast cancer
in women with implants, given the decreased sensitivity of screening mammog-
raphy in this population, there is an increased interest in using MRI to detect
breast cancer. Patients who are high-risk will be candidates for dynamic contrast
enhanced studies, which involves injecting contrast material and obtaining mul-
tiple T1-weighted sequences before and at three time points after the injection
(Figs. 6.11 and 6.12).

Studies have examined the features of breast cancers detected in women with
implants, and have shown that there is a higher rate of palpable, invasive cancers in
women with implants. Importantly however, the stage distribution of cancers in
women with implants is similar to screening populations [6]. Mango et al. charac-
terized the MRI features of breast carcinomas detected in the augmented breast
[21]. The authors found that the majority of cancers (63 %) appeared as irregular,
non-circumscribed, enhancing masses. Most commonly tumors were located in the
upper outer quadrant of the breast and frequently (37 % of the time), the tumor abut-
ted the implant. Tumor spread along the implant contour was more likely to be seen
with subglandular implants than with subpectoral implants. There was no signifi-
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Fig. 6.10 (a) 46 year-old woman with previous history of ruptured silicone implant and current
saline implants. Right mediolateral oblique mammogram demonstrates the saline implant. At the
superior aspect of the breast, abutting the implant, are two asymmetries (white arrows). (b)
Directed ultrasound demonstrates two round circumscribed hypoechoic masses abutting the
implant and correlating with mammography (white arrows). (¢) Breast MRI was performed with
both contrast-enhanced and implant evaluation sequences. Axial post-contrast T1 demonstrates
two adjacent non-enhancing circumscribed masses (white arrows) which correlate with mammo-
graphic and sonographic findings. (d, e) The masses follow silicone signal on water suppression
and silicone suppression sequences (white arrows) and are consistent with silicone granulomas
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d

Fig. 6.10 (continued)

cant difference between implant position and lesion morphology or tumor size. In
this study, MRI identified mammographically and sonographically occult cancer in
30 % of cases and identified patients with otherwise occult multifocal disease (7 %)
and multicentric disease (22 %). While further studies are needed, the results of this
study suggest that MRI should be considered to assess extent of disease in women
with implants and newly diagnosed cancer before surgery.

For breast cancer patients treated with mastectomy, there is no significant differ-
ence in the rate of cancer recurrence in augmented versus non-augmented breasts. A
small series has shown MR imaging to be superior to physical exam and mammog-
raphy for the detection of recurrent cancer in postmastectomy patients with implants,
especially when tumor was close to the chest wall [22].

A promising alternative to diagnose breast cancer without the injection of
contrast has been proposed using diffusion-weighted MR imaging (DWI) [23].
While still in the process of being validated, the main concept behind DWI is that
the high cellular density of proliferating cancers will cause increased restricted
diffusion and thus the calculated apparent diffusion coefficient (ADC) maps will
be lower when compared with normal fibroglandular tissue or benign lesions.
Performing screening MRI based on diffusion measurements would require a
fast technique, with reduced sensitivity to motion artifact. Recently, in 2015
Solomon et al evaluated the usefulness of diffusion-weighted spatiotemporally
encoded (SPEN) MRI sequences to obtain ADC maps of normal fibroglandular
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Fig. 6.11 (a) 45-year-old woman with history of left mastectomy for LCIS and bilateral silicone
implant reconstruction with enlarging right breast mass. Axial nonsuppressed T2 MRI image dem-
onstrates a large heterogeneous right breast mass (white arrow) which invades the chest wall and
displaces the silicone implant. Note normal appearance of the silicone implant on the left (white
dashed arrow). Axial (b) and sagittal (c) post-contrast T1-VIBE with fat-saturation MRI images
demonstrates this mass is heterogeneously enhancing (white arrow on each figure). Final pathol-
ogy revealed aggressive fibromatosis

tissue in the presence of silicone implants in seven healthy volunteers [24]. They
found that despite dominant signal from silicone implants, they were able to
obtain reliable ADC maps of fibroglandular tissue. While additional studies with
more patients are needed to validate these results, the findings present promising
new MRI screening possibilities for the future.

6.9.2 Other MRI Findings in Patients with Implants

Postoperative seromas are expected following implantation; however the develop-
ment of a large fluid collection beyond the immediate postoperative period raises
the possibility of infection. Occasionally fluid collections are noted following
viral syndromes and aspiration of the fluid does not demonstrate a causative
organism [25].

Recently a relationship has been described between breast silicone implants and
the development of anaplastic large cell lymphoma. This usually manifests as an
ill-defined mass, however one of the unexpected imaging findings of anaplastic
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Fig. 6.12 50-year-old woman with a history of benign right phyllodes tumor 3 years ago and
status post bilateral mastectomies and reconstruction with silicone implants presents with a new
right periareolar mass. (a) T2 weighted sagittal MRI image demonstrates T2 hyperintense exo-
phytic mass correlating with palpable lump abutting the superior aspect of the implant (white
arrow). (b) The enhancing mass (white arrow) demonstrates Type 1 (persistent) enhancement. (c)
The mass is FDG-avid on PET-CT (white arrow). Ultrasound-guided biopsy demonstrated recur-
rent phyllodes

large cell lymphoma is that it can mimic a seroma or fluid collection related to infec-
tion or post-viral syndrome [26].

After placement of silicone implants, nonspecific inflammation or silicone
migration can cause axillary and internal mammary lymph nodes to enlarge. The
differential diagnosis of enlarged lymph nodes includes recurrent breast cancer
and second primary nodal metastases. In a study of 923 women with breast can-
cer and silicone implants by Sutton et al in 2015, the authors concluded that
intramammary lymph nodes identified on MRI after oncoplastic surgery for
breast cancer were overwhelmingly more likely to be benign than malignant [27]
(Fig. 6.13).

6.10 Conclusions

Breast implant magnetic resonance imaging is the primary modality used to evaluate
implant integrity and to determine the relationship of breast implants to any breast
lesions that may be present. Much existing data supports the utility of MRI in
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Fig. 6.13 75-year-old woman with history of remote left breast cancer status post bilateral mas-
tectomies and multiple silicone implant revisions. Breast MRI demonstrates an enlarged enhancing
anterior mediastinal lymph node (white arrow) seen on delayed post contrast T1 weighted axial
image (a). The lymph node follows silicone signal on water suppression (white arrow) (b) and sili-
cone suppression (white arrow) (c) sequences
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evaluating women with breast implants. Noncontrast MRI utilizes sequences that are
designed to separate water, silicone and fat to evaluate the internal implant structure
and assess for extracapsular silicone. Contrast enhanced MRI has been shown to be
a useful adjunct to mammography, which has limited sensitivity in detecting breast
cancer in women with breast implants. The role of MRI in screening asymptomatic
women with breast implants remains to be determined, and future directions include
utilizing diffusion weighted imaging, avoiding the need for contrast enhancement.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Steinbach BG, Hardt NS, Abbitt PL, Lanier L, Caffee HH. Breast implants, common compli-
cations, and concurrent breast disease. Radiographics (A Review Publication of the
Radiological Society of North America, Inc.). 1993;13(1):95-118. Epub 1993/01/01.

. Middleton MS, McNamara Jr MP. Breast implant classification with MR imaging correlation:

(CME available on RSNA link). Radiographics (A Review Publication of the Radiological
Society of North America, Inc.). 2000;20(3):E1. Epub 2000/06/02.

. Cronin TD, Gerow FJ, editors. Augmentation mammoplasty: a new “natural feel” prosthesis.

Transactions of the third international congress of plastic surgery. Excerpta Medica Foundation;
Amsterdam, The Netherlands; 1963.

. Brenner RJ. Evaluation of breast silicone implants. Magn Reson Imaging Clin N Am.

2013;21(3):547-60. Epub 2013/08/10.

. LeVier RR, Harrison MC, Cook RR, Lane TH. What is silicone? Plast Reconstr Surg.

1993:92(1):163-7. Epub 1993/07/01.

. Morris EA, Liberman L. Breast MRI. New York: Springer; 2005.
. Surgeons ASoP. Plastic surgery statistics report. 2014.
. Juanpere S, Perez E, Huc O, Motos N, Pont J, Pedraza S. Imaging of breast implants — a picto-

rial review. Insights Imaging. 2011;2(6):653-70. Epub 2012/02/22.

. Miglioretti DL, Rutter CM, Geller BM, Cutter G, Barlow WE, Rosenberg R, et al. Effect of

breast augmentation on the accuracy of mammography and cancer characteristics. JAMA.
2004;291(4):442-50. Epub 2004/01/30.

Di Benedetto G, Cecchini S, Grassetti L, Baldassarre S, Valeri G, Leva L, et al. Comparative
study of breast implant rupture using mammography, sonography, and magnetic resonance
imaging: correlation with surgical findings. Breast J. 2008;14(6):532—7. Epub 2008/12/05.
DeBruhl ND, Gorczyca DP, Ahn CY, Shaw WW, Bassett LW. Silicone breast implants: US
evaluation. Radiology. 1993;189(1):95-8. Epub 1993/10/01.

Administration USFaD. Silicone gel-filled breast implants. 2013.

Kreymerman P, Patrick RJ, Rim A, Djohan R, Crowe JP. Guidelines for using breast magnetic
resonance imaging to evaluate implant integrity. Ann Plast Surg. 2009;62(4):355-7. Epub
2009/03/28.

Holmich LR, Vejborg I, Conrad C, Sletting S, McLaughlin JK. The diagnosis of breast implant
rupture: MRI findings compared with findings at explantation. Eur J Radiol. 2005;53(2):213—
25. Epub 2005/01/25.

Chung KC, Wilkins EG, Beil Jr RJ, Helvie MA, Ikeda DM, Oneal RM, et al. Diagnosis of sili-
cone gel breast implant rupture by ultrasonography. Plast Reconstr Surg. 1996;97(1):104-9.
Epub 1996/01/01.

Maxwell GP. Discussion. Rupture rate and patterns of shell failure with the McGhan Style 153
double-lumen breast implant. Plast Reconstr Surg. 2011;127(1):54-5. Epub 2011/01/05.
Hammond DC. Discussion: prevalence of rupture in poly implant Prothese silicone breast
implants, recalled from the European market in 2010. Plast Reconstr Surg. 2012;129(6):1379—
80. Epub 2012/05/29.



140 C. Seuss and S.L. Heller

18. Stevens WG, Pacella SJ, Gear AJ, Freeman ME, McWhorter C, Tenenbaum M]J, et al. Clinical
experience with a fourth-generation textured silicone gel breast implant: a review of 1012
Mentor MemoryGel breast implants. Aesthet Surg J (The American Society for Aesthetic
Plastic Surgery). 2008;28(6):642—7. Epub 2008/12/17.

19. Middleton MS. MR evaluation of breast implants. Radiol Clin North Am. 2014;52(3):591-
608. Epub 2014/05/06.

20. McCarthy CM, Pusic AL, Disa JJ, Cordeiro PG, Cody 3rd HS, Mehrara B. Breast cancer in the
previously augmented breast. Plast Reconstr Surg. 2007;119(1):49-58. Epub 2007/01/27.

21. Mango VL, Kaplan J, Sung JS, Moskowitz CS, Dershaw DD, Morris EA. Breast carcinoma
in augmented breasts: MRI findings. AJR Am J Roentgenol. 2015;204(5):W599-604. Epub
2015/04/24.

22. Bone B, Aspelin P, Isberg B, Perbeck L, Veress B. Contrast-enhanced MR imaging of the
breast in patients with breast implants after cancer surgery. Acta Radiol. 1995;36(2):111-6.
Epub 1995/03/01.

23. Sharma U, Danishad KK, Seenu V, Jagannathan NR. Longitudinal study of the assessment by
MRI and diffusion-weighted imaging of tumor response in patients with locally advanced
breast cancer undergoing neoadjuvant chemotherapy. NMR Biomed. 2009;22(1):104-13.
Epub 2008/04/04.

24. Solomon E, Nissan N, Schmidt R, Furman-Haran E, Ben-Aharon U, Frydman L. Removing
silicone artifacts in diffusion-weighted breast MRI by means of shift-resolved spatiotempo-
rally encoding. Magn Reson Med. 2015;75(5):2064—71. Epub 2015/06/23.

25. Soo MS, Kornguth PJ, Georgiade GS, Sullivan DC. Seromas in residual fibrous capsules after
explantation — mammographic and sonographic appearances. Radiology. 1995;194(3):863—6.

26. de Jong D, Vasmel WLE, de Boer JP, Verhave G, Barbe E, Casparie MK, et al. Anaplastic
large-cell lymphoma in women with breast implants. JAMA. 2008;300(17):2030-5.

27. Sutton EJ, Watson EJ, Gibbons G, Goldman DA, Moskowitz CS, Jochelson MS, et al.
Incidence of internal mammary lymph nodes with silicone breast implants at MR imaging
after oncoplastic surgery. Radiology. 2015;277(2):381-7. Epub 2015/06/23.



Chapter 7

Problem Solving Breast MRI

for Mammographic, Sonographic, or Clinical
Findings

Eren D. Yeh and Catherine S. Giess

Abstract Because of the high sensitivity of breast MRI in detection of invasive
breast cancer, there has been interest in using breast MRI as a problem solving tool
for evaluation of mammographic or sonographic findings, or for clinical breast
symptoms in which conventional mammographic or ultrasound evaluation is nega-
tive. In this chapter, we review and discuss the current literature on problem solving
MRI for imaging or clinical findings. Breast MRI does not have sufficient negative
predictive value to avoid biopsy of a suspicious mammographic or sonographic
finding. It may rarely be indicaed for equivocal or inconclusive findings at diagnos-
tic mammographic and sonographic evaluation and when biopsy cannot be per-
formed. It has not been found to be helpful for most clinical symptoms such as a
palpable finding or breast pain when conventional imaging is negative, but may
have utility in patients with nipple discharge, or symptoms suggestive of inflamma-
tory breast cancer or Paget’s disease.

Keywords Breast MRI ¢ Problem solving MRI ¢ Breast pain * Nipple discharge

7.1 Introduction

Breast MRI is currently considered the most sensitive breast imaging modality for
the detection of invasive breast cancer [1, 2] with reported sensitivities of 71-100 %
[2]. Because of this high sensitivity of breast MRI in detecting invasive breast can-
cer, there has been considerable interest in adding breast MRI to imaging algorithms
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for the evaluation of mammographic or ultrasound findings, or for clinical breast
symptoms in which standard mammographic or ultrasound evaluation has proved to
be unrevealing. In fact, problem solving has been noted to be one of the earliest
applications of breast MRI described in the medical literature [3].

The positive predictive value for malignancy of suspicious mammographic or
ultrasound findings is approximately 25-40 % [4, 5]; thus, the majority of breast
biopsies in the United States are benign. Breast MRI could theoretically improve
the specificity of breast biopsy for suspicious imaging findings. Similarly, the use of
breast MRI in the further evaluation of suspicious clinical findings such as palpable
abnormalities, focal pain, or nipple discharge which have negative mammographic
and or ultrasound evaluation could conceivably guide clinical management and
reduce delayed cancer diagnosis in patients.

However, problem solving MRI for findings on conventional mammography or
ultrasound has been considered a somewhat controversial application of the modal-
ity because percutaneous biopsy is so readily available, so easily tolerated, and usu-
ally allows a definitive histopathologic diagnosis, while breast MRI is expensive,
not universally available, and has moderate specificity [3, 6]. Additionally, MRI for
the evaluation of palpable findings for which conventional mammography and ultra-
sound are unrevealing has been considered to have a limited role [7, 8], since the
chance of malignancy for a palpable finding or focal pain with negative conven-
tional imaging is so low [9—11]. The diagnostic evaluation of nipple discharge has
been more variable in clinical practice [7], and MRI could perhaps improve diagno-
sis and management. The current literature on problem solving MRI for imaging or
clinical findings will be reviewed and discussed.

7.2 Mammographic and Ultrasound Findings

7.2.1 Suspicious Lesions

Utilizing MRI to downgrade lesions considered suspicious on mammography or
ultrasound has been evaluated previously [12—16]. Perhaps the most influential study
to date was reported by Bluemke et al. [12], who conducted a prospective multi-
institutional study of 821 patients who underwent breast MRI before biopsy of suspi-
cious findings. In their study the majority (84.7 %) of the 821 patients had suspicious
mammographic findings, 1.8 % had suspicious ultrasound findings, and the remain-
ing 11.7 % had suspicious clinical findings. Details on the specific mammographic
findings were not given, other than the presence or absence of microcalcifications.
The sensitivity and specificity of breast MRI were 88.1 % and 67.7 % respectively,
and neither sensitivity nor specificity was affected by breast density, tumor type, or
menopausal status. Although MRI had a higher positive predictive value (72.4 %)
than mammography (52.8 %), its negative predictive value was only 85.4 %, and
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those authors concluded that MRI should not be used to avoid biopsy of suspicious
findings.

Several studies have evaluated breast MRI in the management of suspicious
calcifications [13, 14, 17]. Bazzocchi et al. [13] performed a multi-center trial eval-
uating the use of breast MRI in the evaluation of 112 suspicious (BI-RADS 4 or 5)
microcalcifications, 38 with and 74 without an associated mass. Overall, breast
MRI had a sensitivity and specificity for malignancy of 87 % and 68 % respec-
tively, with a positive predictive value of 84 % and a negative predictive value of
71 %. Not surprisingly, the sensitivity for malignancy for calcifications associated
with a mass (97 %) was significantly higher compared to calcifications alone
(80 %); the authors suggested this was likely due to increased neo-angiogenesis
when calcifications had an associated mass. These authors concluded that MRI
should not be used in the assessment of mammographically suspicious microcalci-
fications because of the overall 87 % sensitivity. Cilotti et al. [14] also evaluated the
use of MRI in evaluating mammographically suspicious microcalcifications, and
reported that MRI had a 73 % sensitivity, 76 % specificity, a 73 % positive predic-
tive value and a 76 % negative predictive value. These authors also concluded that
MRI had no role in the management algorithm of suspicious microcalcifications.
Uematsu et al. [17] used diagnostic MRI to evaluate suspicious calcifications prior
to stereotactic vacuum-assisted core biopsy. They suggested that while MRI can
offer additional diagnostic information for women who decline biopsy, because of
its imperfect positive and negative predictive values, it should not replace stereo-
tactic biopsy.

In a different study by Yau et al. [15] evaluating problem solving MRI, compari-
son to the aforementioned studies is limited by different study inclusion criteria. The
results of 204 clinical and or mammographic findings that underwent problem solv-
ing MRI were reported together, with fourteen (6.9 %) malignancies. Eleven (79 %)
of the fourteen cancers had mammographic and or sonographic findings considered
suspicious; the authors pointed out these cases had already been referred for biopsy
regardless of MRI findings. The other three patients with cancers found on MRI had
clinical symptoms but negative mammography and US. No details regarding the
specific types of imaging findings referred for evaluation with MRI were reported.
The premise that breast MRI should not be utilized to determine management of
suspicious imaging findings was recently challenged in the radiology literature.
Strobel et al. [16] evaluated 353 BI-RADS 4 lesions with breast MRI, 198 (56.1 %)
found on screening mammography and 155 (43.9 %) on screening ultrasound, in
asymptomatic women and correlated the MRI with either histopathology or imaging
surveillance for at least 18 months. In this study, types of mammographic findings
were reported and included 71 (35.9 %) masses, 34 (17.2 %) focal asymmetries, 15
(7.6 %) architectural distortions, and 78 (39.4 %) microcalcifications; ultrasound
findings were 115 (74.2 %) masses and 40 (25.8 %) non-mass lesions. MRI correctly
found no cancer in 92 % of benign BI-RADS 4 lesions, while identifying 95.5 % of
malignant BI-RADS 4 lesions. The authors had false negative MRI results in three
women with pure clustered microcalcifications, all representing low grade ductal
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carcinoma in situ (DCIS). Based on their results, the authors concluded that MRI
could be used to help avoid biopsy in mammographically or sonographically sus-
picious lesions (perhaps excepting pure microcalcifications), and proposed that
diagnostic breast MRI be accepted instead of tissue diagnosis for BI-RADS 4
lesions. This proposal would be a significant deviation from current clinical
practice.

7.2.2 Probably Benign Lesions

Several studies have evaluated the use of problem solving MRI for probably
benign (BI-RADS 3) lesions. Cilotti et al. [14] reported 23 cases of microcalcifica-
tions assessed as BI-RADS 3, six malignant; MRI identified three of these malig-
nancies. They found no significant difference in the sensitivity of MRI and
mammography to diagnose malignancy in BI-RADS 3 calcifications. Uematsu
et al. [17] reported the use of MRI before biopsy of 55 screen-detected calcifica-
tions assessed as BI-RADS 3. There were four malignancies (7.2 %) in this group,
three identified with MRI. Both of these studies reported a higher than 2 % malig-
nancy rate in their BI-RADS 3 mammographic calcifications. Gokalp et al. [18]
performed breast MRI in 56 mammographic lesions (85.7 % masses or focal
asymmetries, 14.3 % calcifications) assessed as BI-RADS 3, and correlated find-
ings with either biopsy or 2 years of imaging follow up. They reported a malig-
nancy rate of 1.8 % (1 of 56) and concluded that MRI did not add to the diagnostic
evaluation or management of BI-RADS 3 lesions. In a meta-analysis of studies on
problem solving MRI for BI-RADS 3 lesions, Dorrius et al. [19] noted that the
negative predictive value for non-calcified BI-RADS 3 lesions was 100 %, and
suggested that MRI might be helpful to exclude further evaluation of non-calcified
BI-RADS 3 lesions.

It must be noted that by definition, a probably benign (BI-RADS 3) mammo-
graphic lesion should have a less than 2 % chance of malignancy, and such lesions
are typically referred for imaging surveillance at 6, 12, and 24 months [5]. Adding
problem solving MRI to the diagnostic imaging algorithm for lesions with such a
high probability of benignity is unlikely to offer a favorable cost-benefit ratio.

7.2.3 Equivocal Lesions

The American College of Radiology 2014 practice guidelines for breast MRI [20]
state that the use of breast MRI for the evaluation of imaging or clinical findings
considered inconclusive may rarely be indicated when biopsy cannot be performed.
In a high quality clinical practice, a very small minority of mammographic or ultra-
sound lesions should remain “equivocal”, or of uncertain clinical significance at
diagnostic imaging evaluation. Moy et al. [21] reported that only 0.14 % of
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diagnostic mammograms at their institution were considered equivocal. At Brigham
and Women’s Hospital over a recent 4 year period, only 0.7 % of diagnostic mam-
mograms were considered inconclusive or equivocal [22]. Breast MRI might guide
management of such equivocal or inconclusive findings at diagnostic evaluation,
and improve cancer detection and diagnosis.

There are a number of situations in which an imaging finding at diagnostic evalu-
ation may be considered equivocal, or of uncertain clinical significance [22]. A
lesion may be equivocal if it is present on only some but not all diagnostic views
(Fig. 7.1). Sometimes there is uncertainty whether a perceived mammographic
change is due to true morphologic change or a technical factor affecting conspicuity,
such as differences in positioning, compression, or radiographic technique (Fig.
7.2). A lesion may be suspected, but biopsy choices are limited. This can occur
when the mammographic finding lacks an ultrasound correlate and targeting for
stereotactic biopsy is considered problematic because the mammographic finding is
vague, hard to identify in the background parenchyma (Fig. 7.3), or inaccessible to

Fig. 7.1 Sixty-four year old with a screen recalled asymmetry (arrow) in the medial right breast
on the CC view (a), persistent (arrow) on spot compression CC (b), but not evident on ML view
(c). Rolled CC views show a pliable appearing asymmetry (arrow) on the medially rolled CC view
(d), but no abnormality on the laterally rolled CC view (e). The equivocal asymmetry was localized
to the upper inner breast (based on its displacement on the medially rolled CC view relative to the
full CC view) for diagnostic US evaluation, which was negative. The patient was referred for prob-
lem solving MRI. Axial post contrast fat suppressed image (f) shows a 5 mm enhancing mass
(arrow), which represented a stage 1, 0.7 cm invasive ductal cancer
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Fig. 7.2 Forty-eight year old recalled for developing focal asymmetry in the right upper outer
breast on screening views (not shown). The finding persisted on spot compression MLO view (a,
arrow) and ML view (not shown), and was new since the prior MLO view (b). Targeted ultrasound
was negative. The patient had undergone a twenty pound weight loss since the prior imaging and
it was uncertain if the developing asymmetry was due to differences in tissue composition and
mammographic compression versus a true lesion. MRI was performed, and sagittal post contrast
fat suppressed image (¢) showed normally enhancing fibroglandular tissue (thin arrow), which
appeared similar to other areas of normally enhancing fibroglandular tissue (thick arrow). The
patient underwent mammographic surveillance, and has been without evidence of disease for
greater than 3 years

needle biopsy. Further, sometimes in this setting biopsy has already been attempted
unsuccessfully or biopsy results are considered possibly discordant [22]. When
there is underlying diagnostic uncertainty about whether the lesion is even real, the
diagnostic radiologist may be hesitant to proceed to surgical excision without addi-
tional diagnostic testing such as MRI.

A number of studies have evaluated the use of MRI for problem solving of equivo-
cal mammographic lesions [21, 23-25]. In 1998, Sardanelli et al. [23] published
results on 19 mammographic findings considered equivocal that underwent diagnos-
tic MRI. Lesions included questionable change in the appearance of lumpectomy
scar (N = 11), questionable distortions (N = 2), “nodular opacities” (N = 5), or calci-
fications (N = 1). There were five (26.3 %) malignancies, one with negative MRI. The
following year, Lee et al. [24] described the use of problem solving MRI for 86
equivocal mammographic findings in their institution. These 86 lesions included
lesions that demonstrated questionable/uncertain change (N = 26), questioned lesions
that could not be localized (N = 16) or persisted on only some views (N = 20), or
questioned change in the appearance of a benign surgical site (N = 9) or lumpectomy
scar (N =15). They had 9 (10.5 %) malignancies, and one additional malignant lesion
incidentally detected by MRI. Moy and colleagues [21] had 115 equivocal mammo-
graphic lesions referred for problem solving MRI, including asymmetries (N = 55),
focal asymmetries (N = 43), architectural distortions (N = 12), and change in appear-
ance of a benign surgical scar (N = 5), with 6 (5.2 %) malignancies. Spick et al. [25]
reported 111 patients with inconclusive findings on conventional mammographic or
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Fig. 7.3 Fifty-five year old with prior right lumpectomy and questionable subtle asymmetry
(arrow) in the medial left breast on the CC view (a) only, apparently new since the prior CC view
(b). Biopsy clip lateral to the finding was from a prior benign biopsy. The one view finding was
subtle and equivocal on spot compression CC view (¢, arrow), and felt to be difficult to identify in
a background of heterogeneously dense tissue for an attempted stereotactic biopsy. US evaluation
of the medial left breast was negative. Problem solving MRI was performed for further evaluation.
Axial fat suppressed post contrast image (d) showed a correlative 4 mm enhancing mass in the
medial left breast, which represented an invasive lobular cancer, stage 2

ultrasound imaging assessed as BI-RADS 0 who underwent problem solving MRI,
with 15 (13.5 %) malignancies. At our institution (unpublished data) over a 4 year
period, we had 294 equivocal mammographic lesions (including 89 focal asymme-
tries, 76 asymmetries, 64 masses, 44 architectural distortions, 17 scars versus malig-
nancy, and 4 miscellaneous) referred for problem solving MRI, with 40 (13.6 %)
malignancies (Fig. 7.4). Other studies [15, 26] did not specify lesion types considered
equivocal, and reported equivocal clinical and imaging findings together, making
direct comparison of their results to the aforementioned studies challenging.
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Fig. 7.4 Sixty-eight year old with a one view asymmetry (arrow) with questionable associated
distortion on screening left MLO view (a). The finding persisted on one spot MLO view (b) but
was not persistent on another spot MLO view (c¢), nor on an LM view (d), which both showed
heterogeneously dense tissue but no discrete finding. The questioned finding was not seen on the
CC view (not shown) and targeted US evaluation was negative. The finding was considered equivo-
cal, and problem solving MRI was performed. Axial fat suppressed post contrast enhanced images
(e, f) showed an area of non-mass enhancement (arrow, e) in the left lower inner quadrant corre-
sponding to the mammographic equivocal asymmetry, as well as an incidentally detected, mam-
mographically occult spiculated mass in the upper outer quadrant (arrow, f). Both findings
demonstrated slow early and persistent late kinetics. Repeat targeted ultrasound (g, h) showed a
subtle area of architectural distortion (g, arrows) corresponding to the mammographic asymmetry,
and a hypoechoic ill-defined mass with posterior acoustic shadowing (h, arrows) corresponding to
the incidentally detected spiculated mass. Findings represented multi-centric invasive lobular can-
cer, stage 2, with positive sentinel node

The possibility of detecting otherwise unsuspected, incidental findings in patients
undergoing MRI is not at all uncommon [27]. This is an important consideration,
since otherwise unsuspected but ultimately benign findings detected solely on MRI
generate additional costs with either biopsy or follow up imaging surveillance.
An otherwise unsuspected occult malignancy detected by MRI is even less common.
However, only a few of the studies on the use of MRI for equivocal mammographic
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lesions reported their incidental MRI findings [21, 24]. Lee et al. [24] found 12 inci-
dental enhancing lesions on MRI, with one (8.3 %) malignancy. Moy et al. [21] had
18 incidental enhancing lesions on MRI, all benign on either follow up or biopsy. At
our institution (unpublished data), out of 294 problem solving MRIs over a 4 year
period, we had 44 incidental enhancing lesions, 41 had biopsy or at least 1 year of
stable follow up imaging, and 7 (17.0 %) were malignant (Fig. 7.4).

7.2.4 Recurrence Versus Scarring After Breast Conservation
Therapy

A type of equivocal situation on mammography which deserves individual discus-
sion is that of breast cancer recurrence versus post treatment change after breast
conservation therapy. This was an early utilization of breast MRI for problem solv-
ing, because it is well known that mammography has reduced sensitivity for malig-
nancy after breast conservation therapy [28]. Sometimes it may be unclear whether
an apparent mammographic change in the lumpectomy scar’s appearance (such as
increased density) is due to technical factors or a subtle recurrence.

Several studies have reported that MRI was able to distinguish recurrent breast
cancer from scar [29-33]. Heywang et al. [29] found that the performance of MRI
less than 18 months following definitive surgery was unhelpful due to post-surgical
enhancement, but that after 18 months treatment related enhancement was rare.
They concluded that after 18 months MRI allowed both early detection of, and reli-
able exclusion of recurrent tumor. In 1998 Viehweg et al. [30] performed MRI in
207 women with a history of breast conservation therapy, 80 of whom had suspi-
cious clinical or conventional imaging findings. Similarly to Heywang et al. [29],
they found that MRI performed within 12 months of definitive surgery was of lim-
ited value because of enhancement due to benign post-treatment changes, but that
after 12 months MRI had a sensitivity of 100 % and a specificity of 91 % in the
detection of recurrent tumor. Gilles et al. [31] performed MRI in 26 patients with
suspected recurrence based on clinical or mammographic findings, and found that
all 14 surgically proven recurrences demonstrated enhancement on MRI, while 11
of 12 without recurrence showed no enhancement. There was one false positive
MRI due to fat necrosis. Preda and colleagues [32] performed breast MRI in 93
patients suspected of local recurrence after breast conservation based on mammo-
graphic and ultrasound findings. In their series, MRI had a 90 % sensitivity, 91.6 %
specificity, 56.3 % positive predictive value, and 98.7 % negative predictive value
for the detection of recurrence at the lumpectomy bed, and they suggested that MRI
could be useful to avoid unnecessary biopsy. In a meta-analysis of studies using
breast MRI to distinguish post treatment changes from recurrence [33], Quinn et al.
found the sensitivity of MRI in detecting recurrence to range from 75 to 100 % with
a specificity of 66.6 to 100 %, with both sensitivity and specificity improving with
a longer interval between definitive surgery and MRI. The authors noted however,
that the studies evaluated in the meta-analysis were case series with heterogeneous



150 E.D. Yeh and C.S. Giess

populations, and suggested that while MRI could be helpful as a second line investiga-
tive tool for possible recurrence, it should not be performed routinely in this setting.

7.3 Clinical Findings

7.3.1 Nipple Discharge

Nipple discharge is a relatively common symptom in women presenting for diag-
nostic imaging evaluation. In Leis’s series of 8,703 breast surgeries, nipple dis-
charge was the presenting symptom in 7.4 % of cases [34]. Pathologically significant
discharge is often described as unilateral, spontaneous, arising from a single duct,
and bloody, clear or serous. Benign etiologies are the most common causes of nip-
ple discharge. In one study reporting 586 patients who had surgery for clear (watery),
serous (yellow), serosanguineous (pink), or bloody discharge, the majority had a
benign etiology, including 48 % with intraductal papilloma, 33 % with fibrocystic
changes, 14 % with cancer, and 7 % with precancerous lesions [34]. Patients with a
bloody nipple discharge had a markedly higher breast cancer risk (404 of 1632, OR
2.27), compared with patients with non-bloody nipple discharge (179 of 1478) in
Chen’s meta-analysis [35].

In patients with a clinically concerning discharge, conventional imaging with
mammography, ultrasound, and galactography may fail to identify an underlying
lesion. Conventional galactography with cannulation of the discharging duct and
injection of iodinated contrast is invasive and may be painful for the patient or
unsuccessful. The gold standard in management of patients with a clinically suspi-
cious nipple discharge and negative imaging findings has been surgical duct exci-
sion. Nipple discharge cytology has a high false positive rate; negative cytology
with negative imaging has not been found to have a sufficiently high negative pre-
dictive value to avoid surgery in patients with a clinically suspicious discharge [36].

In patients with negative conventional imaging, MRI may have potential to iden-
tify both malignant and benign lesions. In one study of 15 patients who underwent
excisional biopsy for nipple discharge, MRI findings correlated with histology in
eleven patients [37]. MRI correctly identified four of six papillomas and one of two
fibroadenomas as circumscribed masses and six of seven malignancies as peripher-
ally enhancing irregular masses or regional or ductal enhancement. In a different
retrospective study of 55 patients with bloody nipple discharge, MRI demonstrated
all malignancies [38].

MRI shows superior performance in the evaluation of nipple discharge compared
to ductography [39]. Morrogh et al. [39] retrospectively reviewed 306 patients with
nipple discharge and negative standard imaging evaluation, 186 patients who under-
went ductography (N = 163), MRI (N = 52) or both (N = 29) before surgery. They
found a higher predictive value for malignancy for MRI compared with ductography.
They reported that MRI had a positive predictive value of 56 % and a negative pre-
dictive value of 87 %. Nakahara et al. [38] found that MRI most clearly demon-
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Fig. 7.5 Forty-three year old woman with 3 weeks of bloody nipple discharge, possible nipple
retraction, and retraction of the breast. Mammogram (not shown) from an outside institution
showed dense breast tissue but was negative. Ultrasound (a) of a focal area of concern in the right
breast at 10:00 demonstrated a 6 mm hypoechoic mass (arrows) with irregular margins and poste-
rior shadowing. Ultrasound-guided core biopsy was performed with pathology of invasive ductal
carcinoma, grade II, ER/PR positive, Her-2 neu negative. Because the mammographic and sono-
graphic imaging underestimated the clinical extent of disease, breast MRI was performed. Axial fat
suppressed post contrast MRI (b) shows extensive diffuse clumped non mass enhancement
(arrows) throughout the right breast with persistent kinetics and mild nipple retraction (thick
arrow). The patient was treated with preoperative chemotherapy followed by mastectomy and
implant reconstruction. The mastectomy specimen showed residual invasive ductal carcinoma
microscopically in all four quadrants and in 2/7 lymph nodes. The MRI was helpful in confirming
clinically suspicious more extensive disease than demonstrated on conventional imaging

strated the location and distribution of lesions, especially DCIS, compared with
galactography and sonography, in 55 patients with bloody nipple discharge. MRI
demonstrates extent of disease better than the other modalities (Fig. 7.5) [38].

Investigators have attempted to find other methods for evaluating the ductal sys-
tem in the setting of nipple discharge. Direct MR-galactography, T1 and T2-weighted
sequences after injection of gadolinium into the discharging duct, was compared
with indirect MR-galactography, a T2-weighted sequence, in 23 patients with
pathologic discharge and pathologic conventional galactogram [40]. Indirect
MR-galactography has the advantage of being non-invasive and does not require
radiation or contrast. Eight of the 23 women showed additional findings at direct
MR-galactography in comparison with standard imaging sequences, indicating that
the non-invasive T2-weighted sequences were suboptimal.
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One study compared direct MR-galactography and conventional galactography
in 30 patients and found no significant difference, suggesting that there is no addi-
tional advantage to MRI after galactogram [41]. Direct MRI-galactogram has disad-
vantages such as additional cost and the need to schedule magnet time compared
with conventional galactogram. Both techniques may show a lesion as an intra-
ductal filling defect, irregular duct wall, or ductal obstruction. Neither technique
may specifically differentiate benign from malignant pathologies. In addition, a
failed study may result if the radiologist is unable to cannulate the discharging duct
and introduce contrast, or if multiple ducts have discharge.

Several studies have shown that MRI has the highest sensitivity in detecting
benign or malignant etiologies for nipple discharge compared with other imaging
modalities Nicholson et al. [42] found that MRI had the highest sensitivity, PPV,
and NPV compared with conventional galactogram or indirect MR-galactogram, a
heavily T2-weighted sequence, in 21 patients. Lorenzon et al. [43] retrospectively
compared the sensitivity of MRI, mammography and ultrasound in 38 patients with
nipple discharge and found MRI had statistically significant higher overall sensitiv-
ity. They concluded that MRI should be recommended when conventional imaging
is negative. Advantages to MRI are that it is non-invasive and can image the ducts,
subareolar area adjacent to the ducts, remainder of the breast and contralateral
breast, whereas galactogram images a single ductal system.

In 2011, Yau et al. [15] reviewed 204 MRIs at their institution that had a clinical
indication of problem solving. One hundred twelve of these had a problem identified
by clinical breast examination. Two cancers were detected in patients with suspi-
cious nipple discharge, negative mammogram and ultrasound, and failed or negative
ductography. One of these two patients had prior lumpectomy for DCIS, the other is
not further detailed in the report. They found one incidental cancer and one false
negative MRI. They reported that at their institution, the patients with the suspicious
nipple discharge and negative conventional imaging would have undergone surgical
duct excision regardless of the MRI findings. However, they suggested that the util-
ity of MRI for suspicious nipple discharge needs to be further investigated.

Sanders et al. [44] compared outcomes of 200 patients who had central duct exci-
sion for bloody nipple discharge following negative conventional imaging, 115
without and 85 with preoperative MRI. In their retrospective review, of 115 patients
without pre-operative MRI, duct excision showed 8 (7 %) malignancies, including
7 DCIS and one invasive ductal cancer. In the 85 patients with pre-operative MRI,
there were 8 (9.4 %) malignancies, all DCIS, and 7 were detected at MRI (true posi-
tives). The one falsely negative MRI represented Paget’s disease on nipple biopsy.
Fifty-six patients had a benign or negative MRI; central duct excision was negative
for malignancy in all with the exception of the false negative MRI. The sensitivity
and specificity were 88 and 71 %, and PPV and NPV were 24 and 98 %. Their con-
clusion was that the extremely high negative predictive value of MRI suggests that
a negative study could obviate surgical duct excision in most patients, unless over-
riding clinical factors prevail.

In the surgical literature, Morrogh et al. [45] reported 416 cases of nipple dis-
charge, 287 that underwent definitive biopsy or surgery, and 56 that had pre-operative
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MRI. Of 13 malignancies found in the group that had pre-operative MRI, 10 (77 %)
had a suspicious MRI correlate. Unpublished review of diagnostic breast MRIs at
our institution performed for nipple discharge over a 3 year period revealed 83
patients, 40 of whom underwent biopsy, yielding 6 malignancies, 16 papillomas,
and 18 miscellaneous benign histologies. MRI was positive in 5 of 6 malignancies
and 13 of 16 papillomas; the sensitivity of MRI for detecting papilloma or malig-
nancy was 82 % and specificity was 67 % for biopsied cases.

In summary, in patients with negative conventional imaging and suspicious clini-
cal nipple discharge, contrast-enhanced MRI has the highest sensitivity compared
with other imaging modalities, including conventional galactogram, and indirect-
and direct-MR galactography. It has been proposed that the high negative predictive
value of MRI suggests that a negative study may obviate surgical duct excision in
most patients, unless overriding clinical factors prevail [44]. Other authors have
suggested that clinical stratification can reliably identify pathologic discharge [39,
45], and that since MRI did not identify all malignancies and was unable to distin-
guish benign from malignant etiologies for discharge, that surgical duct excision
should remain the gold standard of care. Surgical duct excision serves both a diag-
nostic as well as a therapeutic role for bloody nipple discharge, and this should be
balanced against the cost of breast MRI. However, further investigation is warranted
regarding the utility of problem solving MRI in this subset of patients, because a
standard imaging algorithm remains elusive.

7.4 Palpable Findings with Negative Mammogram
and Ultrasound

In patients with a suspicious palpable clinical finding, a complete evaluation with
diagnostic mammography and ultrasound is the initial imaging recommendation by
the American College of Radiology (ACR) recommendations and National
Comprehensive Cancer Network (NCCN) clinical practice guidelines [46, 47].

The majority of patients will either have a negative mammogram and ultrasound,
with a sufficiently low clinical suspicion that clinical follow up is recommended
rather than further advanced imaging, or a finding prompting biopsy on diagnostic
mammography and/or ultrasound. A few will have a probably benign imaging find-
ing for which short interval follow up imaging is recommended. Multiple studies
have shown an extremely high negative predictive value of mammography and
ultrasound in evaluation of patients with a palpable lump, ranging from 97.4 to
100 % [9-11, 48]. However, negative imaging should not preclude biopsy if there is
a suspicious clinical finding.

The 2013 ACR Appropriateness Criteria for Palpable Breast Masses are evidence-
based guidelines for specific clinical conditions developed by a multidisciplinary
expert panel [46]. Diagnostic mammography is recommended in the initial evaluation
in women age >40 with a palpable lump, followed by focal ultrasound targeted spe-
cifically to the palpable finding. The addition of ultrasound to diagnostic mammogra-
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phy has been shown to increase the true-positive rate [10, 49]. However, MRI is
categorized as “usually not appropriate” as the initial imaging evaluation in women
age > 40 and women < age 30 with a palpable lump.

According to the 2014 ACR practice parameters for contrast-enhanced MRI of
the breast, “in rare cases, breast MRI may be indicated when other imaging exami-
nations, such as ultrasound and mammography, and physical examination are
inconclusive for the presence of breast cancer, and biopsy cannot be performed.”
[20] They further state inappropriate uses of MRI: “MRI should not be used in lieu
of biopsy of a mammographically, clinically, and/or sonographically suspicious
finding.”

There are only a few studies in the literature regarding the diagnostic utility of
problem solving breast MRI in detection of breast cancer in patients with palpable
masses when conventional imaging is negative. Yau et al. retrospectively reviewed
204 MRIs with a clinical indication of problem solving, of which 112 had a problem
identified by clinical breast examination [15]. One patient had a false negative MRI
but one month later presented with bilateral palpable lumps with mammographic
and sonographic findings which prompted biopsy. The bilateral biopsies revealed
invasive lobular carcinoma on one breast and invasive ductal carcinoma on the con-
tralateral breast. Two cancers were detected in patients with suspicious nipple dis-
charge and negative conventional imaging. One incidental cancer was detected in a
high risk patient. The added malignancy yield in this population for problem solv-
ing was low, with only three cancers in 204 patients identified by MRI. They con-
cluded that problem solving breast MRI can be falsely negative in patients with
suspicious mammographic and sonographic findings, and that until the benefits and
risks of problem-solving MRI are clarified, it should be used judiciously.

Olsen et al. retrospectively reviewed 77 MRIs performed to assess palpable
abnormalities with negative mammogram and ultrasound findings in a community
health care setting [8]. Of 22 patients who underwent biopsy, two were positive for
cancer, both of whom had positive MRI findings. Fifty-five patients with negative
MRIs were followed clinically, of whom 27 were lost to follow-up and the remain-
der had no evidence of cancer on imaging and clinical examination at 1 year.
Sensitivity of MRI was 100 %, specificity was 70 %, PPV was 25 % and NPV
100 %. They concluded that in patients with palpable breast mass and negative con-
ventional imaging, breast MRI likely offers low yield of cancer diagnosis and low
specificity. A significant limitation of their study was that almost half of the patients
with negative imaging were lost to follow up. They concluded that negative MRI
results may cause a low compliance rate for recommended follow up. Both patients
in this series [8] with negative mammogram/ultrasound and positive MRI/ biopsy
had prior malignancy with post treatment changes, mammographic distortion, and
non-mass enhancement on MRI. The clinical exam is challenging in patients with
prior lumpectomy and radiation; MRI can be helpful in cases of scar vs recurrence
if a patient has prior history of breast cancer and suspicion of recurrence when clini-
cal, mammographic, and/or sonographic findings are inconclusive [7].

In patients with palpable breast masses with negative conventional imaging, the
diagnostic yield of cancer and cost-benefit ratio of breast MRI is low. Since the
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patient can point to the area of concern, focal diagnostic mammographic views,
targeted ultrasound, and if necessary, targeted fine needle aspiration and/or biopsy
can be performed. Breast MRI is expensive, and although has a high sensitivity, has
a low specificity, which may lead to false positive biopsies. Negative MRIs may also
lead to false reassurance and patients may have a low compliance rate for follow up.
In a recent review of the literature including algorithms with recommendations for
imaging management of palpable breast abnormalities, the authors state that there is
“no evidence to support the utility of breast MRI for patients with palpable masses
and no evidence that breast MRI leads to clinical benefit for such patients.” [50].

In summary, in patients presenting with a palpable lump, diagnostic mammog-
raphy and targeted ultrasound are the initial imaging recommendations, with a high
negative predictive value of >97 %. If there is a persistent suspicious focal area of
concern despite negative conventional imaging, biopsy should be based upon the
clinical assessment. There is little evidence in the literature to support a benefit
from advanced imaging techniques such as breast MRI in this patient population at
this time.

7.5 Focal or Diffuse Pain

In patients with focal or diffuse breast pain and negative conventional imaging, to
our knowledge, there are no studies supporting the use of diagnostic breast MRI as
a problem solving tool. The negative predictive value of diagnostic mammography
and ultrasound for breast pain ranges from 97 to 100 % [51-53], and therefore MRI
is unlikely to add significantly to the clinical management of focal breast pain.
Further investigation is needed to determine the diagnostic utility of breast MRI in
detection of cancer in patients such as patients with pain or other clinical symptoms.
MRI may theoretically be more useful when patients have clinically suspicious
symptoms but do not have a palpable focal area of concern, therefore precluding a
discrete location for evaluation with diagnostic mammographic spot views, targeted
ultrasound, or targeted biopsy.

7.6 Skin Changes

Skin changes may be a sign of breast cancer. In patients with skin changes including
peau d’orange or erythema and clinical suspicion of inflammatory breast cancer, the
NCCN guidelines recommend mammogram and/or ultrasound as the initial imag-
ing evaluation [47]. If there is a suspicious finding, biopsy is warranted. However, if
the imaging is negative with persistent clinical concern, skin punch biopsy is recom-
mended. If the skin punch biopsy is benign and clinical suspicion persists, breast
MRI is recommended for further evaluation.

Inflammatory breast cancer (IBC) is a rare subtype of breast cancer with a highly
virulent course and a low 5-year survival rate of 25-50 % [54]. Patients typically
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present with rapid onset of breast erythema, edema, and peau d’orange [55].
Trimodality treatment including preoperative chemotherapy, mastectomy and radia-
tion therapy has been shown to improve prognosis in patients who are able to com-
plete the treatment regimen [55].

In patients with clinical suspicion of inflammatory breast cancer (IBC) and nega-
tive conventional imaging and negative skin punch biopsy, breast MRI may be help-
ful in diagnosing IBC [47]. In a comparison of PET/CT, MRI, mammography, and
sonography in 80 patients with IBC, MRI was found to be the most accurate imaging
technique in detecting a primary breast parenchymal lesion [56]. Certain MRI fea-
tures may facilitate diagnosis of IBC. In a comparison of the MRIs of 48 patients
with IBC and 52 patients with locally advanced breast cancer (LABC), IBC patients
had multiple smaller focal masses than LABC patients, cutaneous and subcutaneous
edema, thickening and pathologic enhancement of Cooper’s ligaments, and skin
thickening more often than LABC patients [57]. In a retrospective review of the MRI
features of 80 women with IBC, MRI detected a primary breast lesion in 98 % of
patients compared with 68 % with mammography [58]. Multiple small, confluent,
heterogeneously enhancing masses and global skin thickening were key features of
IBC on MRL

In patients with suspected, but mammographically and sonographically occult
IBC, MRI may be helpful in identifying a target for biopsy within the breast paren-
chyma to establish the diagnosis [55]. It may also be helpful in documenting the
extent of disease in the incident breast and occult disease in the contralateral
breast, as well as to provide a baseline to assess subsequent treatment response. It
may also be a useful aide for surgical decision making in determining timing of
mastectomy for IBC patients with a challenging clinical exam following preopera-
tive therapy.

Skin changes of the nipple may also signify malignancy. In patients with skin
changes including nipple excoriation and scaling or eczema and clinical suspi-
cion of Paget’s disease, the NCCN guidelines recommend mammogram and/or
ultrasound as the initial imaging evaluation [47]. If there is a suspicious imaging
finding, biopsy is warranted. However, if there are negative or probably benign
imaging findings and persistent clinical concern, skin punch biopsy or nipple
biopsy is recommended. If histology is benign and discordant with clinically
suspicious findings, consideration should be given to breast MRI or surgical
biopsy.

Paget’s disease of the breast is a rare manifestation of breast cancer [59, 60].
Pathologically, the Paget cell originates from an intraductal carcinoma of the under-
lying duct system of the nipple or breast and extends into the nipple epidermis. It
may be associated with an underlying in situ or invasive carcinoma and is often
multicentric, diffuse, and extensive. Symptoms may include itching, burning, crust-
ing, or erosion of the nipple. There is frequently a delay in diagnosis due to the
infrequent occurrence of Paget’s disease and its similar presentation to other derma-
tologic conditions. Treatment is the same as for other breast cancers.

In a surgical review of patients with nipple changes suspicious for Paget disease
as the only physical finding, positive skin/nipple biopsy, and negative mammogram,
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Fig. 7.6 Forty-two year old with left nipple inversion, erythema, and eczema-like appearance of
the nipple-areolar complex. Mammogram (not shown) showed dense breast tissue and was other-
wise negative. Retroareolar ultrasound (not shown) was unremarkable. Due to suspicious clinical
findings, the patient was referred for a problem solving MRI. Axial dynamic post contrast fat sup-
pressed MRI demonstrates 0.7 cm focal hetereogeneous non mass enhancement (arrow) in the left
retroareolar region with flattening of the nipple-areolar complex and skin enhancement (thick
arrow). MRI core biopsy revealed ductal carcinoma in situ, intermediate to high nuclear grade,
with pagetoid spread, involving the nipple epidermis. This was consistent with Paget’s disease of
the nipple. The patient elected bilateral mastectomy

MRI detected otherwise occult malignancy in 4 (50 %) of 8 patients and accurately
demonstrated extent of disease in 4 of 4 patients [61]. The authors concluded that in
the setting of negative mammography, MRI can facilitate treatment planning for
patients with Paget disease.

In summary, patients with skin changes suggestive of IBC or Paget’s disease and
negative conventional imaging may benefit from breast MRI as a problem solving
tool, to identify malignancy and to guide biopsy (Fig. 7.6).

7.7 Conclusion

In our review of the current literature on problem solving MRI for imaging or clini-
cal findings, there are relatively few indications for problem solving breast MRI. If
there is a suspicious mammographic or sonographic finding, biopsy should be per-
formed based upon that modality: MRI does not have sufficient negative predictive
value to avoid biopsy of a suspicious mammographic or sonographic finding.
Mammographic or sonographic BIRADS 3 lesions have such a high probability of
benignity that adding breast MRI to the diagnostic imaging algorithm is unlikely to
offer a favorable cost-benefit ratio. Breast MRI may rarely be indicated for equivo-
cal or inconclusive findings at diagnostic mammographic and sonographic evalua-
tion, and when biopsy cannot be performed. There may be diagnostic uncertainty if
a lesion is present on some but not all diagnostic views, if there is uncertainty if a
lesion is real or apparent changes are due to a technical factor: MRI may be helpful
in these circumstances. MRI may be helpful for possible recurrence vs scar in
patients with prior lumpectomy and radiation for breast cancer and difficult clinical
examination.
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For most clinical symptoms such as palpable findings or breast pain, for which
conventional imaging is negative, MRI is not indicated. However, patients with
skin changes suggestive of IBC or Paget’s disease and negative conventional imag-
ing may benefit from breast MRI as a problem solving tool, to identify malignancy
and to guide biopsy. Further investigation of the role for breast MRI in suspicious
nipple discharge is warranted. Although MRI does not demonstrate some benign
and malignant causes of discharge, it demonstrates lesion extent better than duc-
tography, and evaluates the whole breast and not one cannulated central ductal
system.

As future research continues, the role of breast MRI as a problem solving tool
will continue to evolve.
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Chapter 8
Post-operative Findings/Recurrent Disease

Amy Melsaether and Yiming Gao

Abstract Breast cancer treatment has evolved since William Halsted, MD, an
American surgeon, introduced the radical mastectomy in 1882 (Halsted, Ann Surg
20:497, 1894). The modified radical mastectomy gained popularity in the 1970s
(www.cancer.org/cancer/cancerbasics/thehistoryofcancer/the-history-of-cancer-
cancer-treatment-surgery. Accessed 11/23/2015) and in 1985. Fisher et al. estab-
lished lumpectomy, or breast conservation therapy (BCT), and radiation as
treatment for early stage breast cancers (Fisher et al., N Engl J Med 312(11):665—
673, 1985). The National Institutes of Health soon endorsed and thus popularized
this less invasive treatment (Consensus statement: treatment of early-stage breast
cancer. National Institutes of Health Consensus Development Panel. J Natl Cancer
Inst Monogr. 1992;11:1-5. Review). Today, while BCT and radiation remain the
standard of care for stage I and II cancers, mastectomy and reconstruction proce-
dures have been updated and rising ipsilateral and contralateral prophylactic mas-
tectomy rates have been documented (Jones et al., Ann Surg Oncol
16(10):2691-2696, 2009; Tuttle et al., J Clin Oncol 25(33):5203-5209, 2007;
McGuire et al., Ann Surg Oncol 16(10):2682-2690, 2009; Dragun et al., Am J Clin
Oncol 36(4):375-380, 2013).

As women survive their breast cancers and continue screening with mammo-
gram, ultrasound and often MRI, differentiating multi-modality post-operative and
post-radiation changes from signs of malignancy is key both for the avoidance of
unnecessary biopsies and for the early detection of subsequent cancers in this ele-
vated risk population. In this chapter, we will cover normal post-lumpectomy and
post-radiation findings on mammogram, ultrasound, and MRI and contrast these
post-treatment changes with imaging features of recurrent cancers. We will also
discuss mastectomy techniques, including the modified radical mastectomy and
skin- and nipple-sparing mastectomies together with autologous and implant recon-
structions, along with tips for avoiding common pitfalls.
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8.1 Breast Conservation Therapy (BCT)

8.1.1 Patient Selection

The standard of care for breast conservation therapy (BCT) is well established via
multidisciplinary consensus of the American College of Surgeons, American
College of Radiology, the College of American Pathologists, and the Society of
Surgical Oncology [1]. This therapy typically consists of surgical excision fol-
lowed by whole breast radiation. A woman with an early stage small unifocal
tumor (<5 cm) in a breast large enough to allow adequate resection and satisfac-
tory cosmesis is a good candidate for breast conservation. Contraindications of
BCT (and hence indications for mastectomy) include multicentric or extensive
disease in the breast, prior radiation involving the breast region, pregnancy (first
and second trimesters), and collagen vascular disease (due to poor radiation toler-
ance). The goal of BCT is resection of tumor with tissue margins free of tumor.
Although the strongest predictor of local disease recurrence is positive surgical
margins [2], there has been little consensus on what constitutes an optimal mar-
gin. Despite the 2014 guideline of “no ink on tumor” by the Society of Surgical
Oncology, the American Society of Breast Surgeons, and the American Society
for Radiation Oncology [3], there is evidence that BCT using this criteria leaves
behind more residual tumor than the traditional >2 mm negative tissue margin
[4], and further studies with long term follow-up of local recurrence rates are
needed.

8.1.2 Imaging Findings

Because there is significant overlap in imaging findings of benign post treatment
changes and those of new/recurrent disease in the breast, it is essential to understand
imaging findings in the context of chronology. The most prominent post surgical
and post radiation changes typically diminish over a span of 2-3 years to reach a
stable appearance of the post treatment breast (Fig. 8.1), at which time tumor recur-
rence also begins to surface again [5]. Because recurrence is rare in the first year or
two after BCT, early post-surgical imaging followup is generally favored to provide
baseline imaging and so to avoid unnecessary biopsies. The first post lumpectomy
mammogram is acquired prior to radiation therapy if the treated disease contains
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Fig. 8.1 Typical timeline of mammographic (MG) findings following Breast Conservation Therapy

Fig. 8.2 Status post recent left lumpectomy with a circumscribed hyperdense oval mass in the
surgical bed in the upper outer quadrant deep to the scar marker on MLO (a) and CC views (b).
Delayed lateral view (d) demonstrates layering of internal fluid, which appears dense en face (c),
consistent with a post surgical fluid collection

calcifications, in order to assess for residual disease [6]. Magnification views of the
lumpectomy bed allow high resolution evaluation. Mammographic surveillance typi-
cally begins approximately 6 months after BCT.

Early findings of postoperative collections such as seroma and/or hematoma,
breast edema and skin thickening, are most pronounced within the first 6 months
(Fig. 8.1). Postoperative seromas/hematomas are relatively discrete hyperdense
oval masses on mammogram, occasionally with internal dependent layering,
confirming it as a fluid collection (Fig. 8.2). Ultrasound helps further characterize
postoperative collections if findings on mammogram are unclear, typically showing
a simple or complex fluid collection closely associated with the surgical incision
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Fig. 8.3 Four months following right lumpectomy and radiation therapy for breast cancer. There
is moderate skin thickening and breast edema (trabecular thickening) involving the right breast
seen on MLO view (a) and CC view (b) as compared to the untreated normal appearing left breast.
There is an anechoic postoperative seroma in the superior right breast in the surgical bed, extend-
ing to the skin at the site of surgical excision (arrow) (c)

RT 10:00 N7 Rad RT 10:00 N7 ARad

Fig. 8.4 Five months following right lumpectomy and radiation therapy, there is a thick walled
complex fluid collection with suggestion of internal septations (a, b) in the surgical bed with
peripheral nodular granulation tissue and scarring extending to skin (a) (arrow) at the level of the
surgical incision

seen as a hypoechoic track extending to the skin (Figs. 8.3 and 8.4). On MRI, a
seroma appears as a circumscribed fluid-filled structure with smooth rim enhance-
ment (Fig. 8.5), and a hematoma appears as a nonenhancing mass of varying inter-
nal signal depending on chronicity. Although seromas can have benign nodular or
irregular enhancing components due to granulation tissue or fat necrosis, these
should be viewed with suspicion and residual/recurrent malignancy must be
excluded (Fig. 8.6). Postoperative collections usually resolve by one year, but
some can persist indefinitely. As a collection decreases in size, the diminishing
surgical cavity evolves into a coalescing scar made of dense connective tissue and
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Fig. 8.5 Post surgical seroma with circumscribed margin and smooth thin rim persistent enhance-
ment on T1 post contrast subtraction images at early (a) and late (b) phases. Internal fat-fluid level
(c, d) is related to history of prior free fat injection in this patient

Fig. 8.6 Fifteen months status post right breast lumpectomy and radiation therapy. Axial (a) and
sagittal (b) T1 post contrast images show a nearly completely resolved seroma surrounded by a
thickened and nodular residual capsule (a) and new heterogeneous irregular spiculated peripheral
enhancement (b) (arrows, solid). In addition, the posterior aspect of the irregular enhancement
demonstrates washout kinetics on imaging and correlates with positive deep surgical margin at
histologic analysis (a, b) (arrows, dashed). This underwent MR guided biopsy, confirming pres-
ence of residual DCIS

fibrosis. This is seen on mammogram as an area of architectural distortion with
central equal/low density and peripheral radiating spiculations interspersed by fat.
This classic appearance of fibrotic bands of a scar entrapping areas of fat necrosis
is well depicted on digital breast tomosynthesis (Fig. 8.7a, b). In contrast, a cancer
associated with spiculations due to adjacent desmoplastic reactions is more hyper-
dense and mass-like centrally on mammogram. Benign fat necrosis calcifications
at lumpectomy scar typically develop 2—5 years post radiation, and early evolving
benign calcifications may mimic malignancy. On ultrasound, scarring typically
appears as hypoechoic spiculations extending to the skin (Fig. 8.7c¢). On MRI, post
lumpectomy scar tissue may enhance for up to 18 months, but after this period
enhancement is expected to subside [7] (Fig. 8.8). New or increased enhancement
at the scar on MRI, particularly after 18 months, requires exclusion of recurrent
disease. However, in our practice on our 3.0T magnet, we have seen enhancement
at the lumpectomy site several years after surgery. In these cases, we verify that the
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Fig. 8.7 Left lumpectomy scar seen on tomosynthesis images on MLO (a) and CC (b) views,
showing central lucent fatty attenuation and peripheral spiculations of fibrotic bands interspersed
with fat. A separate case of post lumpectomy scar seen on ultrasound as a hypoechoic band extend-
ing to the skin (c)

Fig. 8.8 Post lumpectomy breast on T1 post contrast subtraction (a) and T1 non fat saturated (b)
sequences show an area of retracted scarring containing central area of fat with rim enhancement,
consistent with fat necrosis. This is in stark comparison with T1 post contrast subtraction (¢) and
T1 non fat saturated (d) sequences showing the same breast with interval increased bulk and now
mass like configuration of the scar, with tumor replacement of previously seen central fat, consis-
tent with recurrent malignancy. In addition to the new irregular enhancing mass at the scar, there is
additional adjacent satellite disease (c)

enhancement is not increasing as compared with prior exams. This enhancement
may be explained by the relatively increased relaxation time for both fat and glan-
dular tissue at 3T compared to that of gadolinium. The resulting relative difference
in signal intensity between enhancing lesions and nonenhancing tissues is there-
fore increased at 3T, thus making enhancing lesions more conspicuous [8, 9].
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Fig. 8.9 Five months following left lumpectomy and radiation therapy for breast cancer.
Asymmetric left breast skin thickening (arrow) (a) and tissue edema which manifests as diffusely
increased stromal echogenicity (a) are seen as compared to the normal right breast (b). Similarly,
left breast skin thickening is seen on MRI (c)

Fig. 8.10 New pleomorphic calcifications in the right lumpectomy bed two and half years follow-
ing breast conservation therapy for invasive ductal carcinoma (a) (arrows, dashed) were biopsied
yielding DCIS, consistent with recurrence. In contrast, the adjacent curvilinear slow evolving cal-
cifications at the periphery of an area of fat necrosis are distinct in appearance (a, b) (arrows, solid).
Nevertheless, there is significant overlap in appearance between early evolving calcifications of fat
necrosis and malignant calcifications

Following whole breast radiation, skin thickening and breast edema share similar
timelines of recovery to near normal/normal by approximately 2 years (Fig. 8.1).
Skin thickening and breast edema (trabecular thickening) are best evaluated in com-
parison with the contralateral normal breast on mammogram (Fig. 8.3a, b), ultra-
sound, and MRI (Fig. 8.9). On MRI, post radiation “quiescence” in the treated
breast may also be seen as asymmetrically decreased background parenchymal
enhancement and fibrocystic changes (Fig. 8.10). Overall, new or increased findings
usually warrant biopsy to exclude recurrent disease given expected pattern of evolu-
tion/resolution of most post surgical changes over time.
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8.2 Tumor Recurrence and Imaging Surveillance

True recurrence occurs at the site of original tumor and signifies local treatment
failure. Recurrence is rare before 2 years post treatment, but may occur as early as
2-5 years following BCT [6]. Patients who undergo lumpectomy without radia-
tion, have positive surgical margins, multifocal disease, or ER-negative cancers
are at further increased risk of recurrence [10]. Up to 50 % of recurrence is
detected on mammogram, which can present as new suspicious calcifications in
the lumpectomy bed (Fig. 8.10), developing asymmetry, new mass or architectual
distortion. Ultrasound may help to identify a mass at or adjacent to the scar. MRI
is useful in distinguishing between benign entities such as a scar or fat necrosis
from recurrence when mammogram and ultrasound are indeterminate. Although
protocols vary, most centers perform post treatment mammographic surveillance
every 6 months following BCT for 2-5 years with subsequent annual mammo-
grams. This is accompanied by annual clinical breast exam to detect imaging
occult recurrence.

8.3 Mastectomy

Conventional indications for mastectomy were covered earlier in this chapter as
were contraindications for BCT. In addition, some patients eligible for BCT choose
mastectomy instead. Contralateral prophylactic mastectomy is increasingly
requested in the setting of unilateral breast cancer and bilateral prophylactic mastec-
tomy is accepted treatment for high risk patients, typically in the setting of BRCA
mutations [11].

8.3.1 Techniques

Modified radical mastectomy (MRM) is, in the absence of pectoralis muscle inva-
sion, the most extensive mastectomy performed today and includes complete
removal of the breast tissue, skin envelope, nipple areolar complex and level I and
II axillary nodes. This surgery is appropriate in locally advanced cancers including
inflammatory breast cancers and is the surgery of choice when a woman is not plan-
ning reconstruction [12]. Newer techniques include the skin sparing mastectomy
(SSM), which preserves the skin envelope and inframammary fold while removing
the breast tissue and nipple areolar complex [13], and the nipple sparing mastec-
tomy (NSM), which preserves the skin envelope and nipple areolar complex while
removing the breast tissue. SSM facilitates breast reconstruction, provides a supe-
rior cosmetic outcome as compared with MRM, and can often be performed in lieu
of MRM, provided there is approximately 5 mm between the tumor margin and the
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Fig. 8.11 A 50 year old man with a history of right breast invasive ductal cancer (IDC) underwent
bilateral mastectomies 18 months prior and now presents with elevated cancer antigen 27.29. The
post-contrast T1-weighted fat-suppressed axial image (a) shows bilateral seromas (asterisks), left
greater than right. The thicker enhancing rim seroma (thin arrows, a) with spiculations (thick
arrow) seen best on the post-contrast T1-weighted fat-suppressed sagittal image (b) appropriately
prompted biopsy; results were benign post-operative changes

skin. NSM provides the best cosmetic outcome and is most often performed in the
prophylactic setting. In the setting of cancer treatment, indications for NSM put
forth by Voltura et al. include a tumor size <4.5 cm, distance from the areola of
>2.5 cm and distance from the center of the nipple >4 cm [14].

8.3.2 Imaging Findings

The post-mastectomy or post-reconstructed breast is not usually imaged to screen
for recurrent disease. However, MRI has been shown to be useful in evaluating the
post-mastectomy or post-resonstruction breast for post-treatment changes versus
recurrence. In addition, imaging of mastectomy or reconstruction may occur during
MRI evaluation of the contralateral breast. In MRM without reconstruction, MR
imaging findings are straightforward and include the absence of a breast with sim-
ply the pectoralis muscles, subcutaneous fat and overlying skin. As in any post-
operative setting, edema, presenting as increased skin thickness and increased signal
on T2 weighted images will be present initially and will subside over time. As in
any post-operative setting, seromas and hematomas can form. Clean seromas can be
distinguished by smooth, thin margins. However, seromas may have shaggier
enhancing margins which can raise concern for tumor (Fig. 8.11). In this case,
lesion enhancement kinetics and pathology reports can be useful. Progressive
enhancement is more consistent with post-operative changes and scarring while
washout enhancement is more concerning for malignancy. With reported clean mar-
gins, when imaging is within 6 months of the date of surgery, and when the enhance-
ment pattern is persistent, a short-interval (6 month) follow-up study may be
appropriate in lieu of biopsy. However, in cases without clean margins or in any case
where enhancement demonstrates wash-out kinetics or has increased compared
with a prior study, biopsy should be performed.
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Fig. 8.12 A 58 year old woman with a history of left breast IDC underwent nipple sparing mas-
tectomy and TRAM reconstruction. The line between the fat from the flap and the native subcuta-
neous fat (thin arrows) is well seen on both the T1-weighted non-fat-suppressed sagittal (a) and the
T1-weighted post-contrast fat-suppressed axial (b) images. A small amount of residual breast tis-
sue can be seen (thick arrow), most notably beneath the nipple. The vascular pedicle (circled) is
also well seen on both images

In SMS and NSM, the imaging appearance will depend on the type of reconstruc-
tion. In all cases, however, there will be a thin rim of native subcutaneous fat beneath
the conserved skin. In up to 60 % of cases, there will also be some amount of resid-
ual breast tissue [15] (Fig. 8.12). This finding is normal and not a failure of mastec-
tomy. In NSM, competing techniques stress the importance of complete removal of
all ductal tissue including the nipple core versus the importance of an approximately
5 mm residual layer of glandular tissue to preserve perfusion and protect against
nipple necrosis [16]. In the former case, there will be very little or no residual ductal
tissue and in the latter case, there will be some residual ductal tissue under the native
nipple areolar complex (Fig. 8.12). In therapeuric NSM, intraoperative radiation can
be used to decrease recurrence rates in spite of residual tissue [17].

8.4 Reconstruction Techniques

Breast reconstruction can be performed with autologous pedicled or free flaps or with
synthetic implants. Nipple reconstruction further improves cosmetic outcomes.

8.4.1 Pedicled Flaps

The pedicled transverse rectus abdominus myocutnaeous (TRAM) flap is a well-
established technique where an island of skin, fat and muscle from the abdomen is
cut and tunneled underneath the skin to the contralateral mastectomy site, where this
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Fig. 8.13 A 68 year old woman with a history of right IDC, status post mastectomy and TRAM
reconstruction had a history of palpable fat necrosis and presented with a new palpable mass. The
fat necrosis is well seen as a lucent centered mass (long arrows) with peripheral calcifications on
MLO and CC mammographic views (a, b) and follows fat signal on T1 (¢) and sagittal and axial
fat-suppressed T1 weighted images (d, e). Suspicious enhancement superior to the fat necrosis
(thick arrows) appears consistent with fat on the unenhanced, non-fat-suppressed T1 sequence (c)
and MLO mammogram (a); this was biopsied and was found to be benign fat necrosis. The new
palpable mass, (circled) is seen as a high density mass in the inferomedial right breast on mam-
mogram (a, b), and as an irregular, solid heterogeneously enhancing mass on MRI. Biopsy of this
mass demonstrated recurrent IDC. Incidentally, the TRAM pedicle (asterisk) with atrophied mus-
cle is well seen on mammogram (a, b) and MRI (e). A special thank you to Sara Shaylor, MD for
these images

tissue is used to for a new breast mound. The now transversely oriented skin island
can fill in the nipple defect in a SSM, and the superior epigastric vascular supply
remains intact [18]. Pedicled latissimus dorsi flaps can also be used [19].

Imaging findings include a deep and inferior vascular pedicle, adjacent muscle,
typically with fatty infiltration related to disuse and denervation atrophy, and a sub-
cutaneous line where the residual subcutaneous fat meets the transferred autologous
fat (Fig. 8.12). Fat necrosis is very common in TRAM reconstructions, occurring in
nearly 60 % of patients within 2 months of surgery [20]. Patients often present with
a palpable mass, which can be imaged mammographically to distinguish between fat
necrosis and recurrence (Fig. 8.13a, b). Fat necrosis will often show a lucent center
and concave margins, while recurrence will have convex margins. On MRI, fat necro-
sis can appear suspicious, with irregular peripheral enhancement. Often a careful
search for central fat on T1-weighted images without fat saturation and T2-weighted
images with fat saturation can confirm fat necrosis, while solid enhancing masses are
worrisome for malignancy (Fig. 8.13c—e). Here too, concave margins can suggest
benign necrosis while a bulging, convex margin suggests recurrence (Fig. 8.8). Post-
operative edema, skin thickening, seromas and hematomas are also common.

8.4.2 Free Flaps

Free flaps, mostly named for their donor artery, include the free TRAM, the deep
and superficial inferior epigastric perforator (artery) (DIEP and SIEP or SIE(A))
flaps, the superior and inferior gluteal artery perforator (SGAP and IGAP) flaps and
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the transverse upper gracilis (TUG) flap [21]. Free flap reconstructions require
microsurgery between the donor vessel and, most often, the internal mammary
artery, and are more difficult to perform than pedicled reconstructions. However,
free flaps have several advantages over the conventional pedicled TRAM flap includ-
ing preservation of abdominal wall strength, more options for tissue harvesting, and
importantly, improved blood flow. Imaging findings in free flap reconstructions are
similar to those in pedicled reconstructions, except the vascular pedicle is higher,
attached to the internal mammary artery at the level of the anterior second through
fourth ribs. Adjacent muscle can be seen in non-muscle sparing flaps including the
TUG and, variably, the free TRAM. Free flaps can also be complicated by fat necro-
sis in the first 6 months [20], although at much lower rates (near 20 %) as compared
with the pedicled TRAM.

8.4.3 Implant Reconstruction

Implant reconstruction is the most common breast reconstruction technique and can
be used alone or in conjunction with autologous reconstruction (Fig. 8.14). In 2014,
it was estimated that over 102,000 breast reconstructions were performed in the
United States [22], 70 % of which were implant based [23]. A two-step expander/
silicone implant reconstruction is the most often used technique, which allows for
shape preservation and revascularization following mastectomy, although with the
development of the acellular dermal matrix (ADM), single step reconstruction with

Fig. 8.14 A 62 year old
woman with a history of
right IDC, status post
mastectomy and TRAM
reconstruction underwent
subsequent silicone
implant placement to
achieve greater symmetry
with the contralateral
breast. The vascular
pedicle (thick arrow) and
line between the TRAM
and native subcutaneous
fat (thin arrows) are seen
in addition to the
subpectoral silicone
implant (asterisk)
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immediate implant placement is becoming more common [24]. While both silicone
and saline implants can be used for augmentation, silicone implants are more com-
monly used and continue to be refined. The most recent adaptation includes higher
density and higher viscosity “cohesive” silicone gel which allows implants to main-
tain their shape even when cut [25]. About 10 % of saline implants rupture by 10
years after implantation. These ruptures most commonly present clinically as a
change in breast size as the saline flows freely and is resorbed; imaging is therefore
not necessary [26]. About 9—12 % of silicone implants rupture 8 years after implan-
tation [27]. Unlike saline implant rupture, silicone implant rupture is commonly
asymptomatic. The FDA recommends MRI screening for silicone implant rupture 3
years after implantation and every 2 years thereafter. Cohesive gel implants are rela-
tively new and rupture data is limited but encouraging. Rupture rate appears to be
about 1 % at 6 years after implantation [28].

8.4.4 Imaging Findings

Most tissue expanders are not MRI compatible and MRI should generally be
deferred until expanders have been replaced with implants. Silicone implants will
follow silicone signal on silicone sensitive and on silicone suppressed MRI
sequences. Enhancement around an implant is not typical and should be viewed
with suspicion (Fig. 8.15). Radial folds and a small amount of reactive fluid sur-
rounding the implant are normal findings. Contour deformity with an implant bulge,

Fig. 8.15 A 48 year old woman with a history of left IDC 12 years prior, treated with bilateral
mastectomies, silicone implant reconstructions, chemotherapy, and 5 years of tamoxifen presented
with a palpable mass at 6:00 in the left breast (thick arrow, a), which was biopsied and showed
recurrent IDC. MRI was performed to evaluate the extent of disease. Several additional relatively
flat enhancing masses (thin arrows) can be seen along the implant (asterisk) on both the axial (a)
and sagittal (b) T1-weighted post contrast images. These masses were also malignant
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an irregular margin, mixed signal intensity of the implant margin and keyhole and
teardrop signs all suggest possible rupture while subcapsular lines and the linguine
sign are compatible with definitive rupture [29]. Siliconomas generally suggest
extracapsular rupture, but can also be the result of prior rupture and implant replace-
ment; thus, a thorough clinical and surgical history is necessary. A detailed descrip-
tion of implants and ruptures can be found in the dedicated chapter in this same
volume.

8.4.5 Nipple Reconstruction

Recreation of the nipple areolar complex (NAC), which can be performed about 3—4
months after reconstruction, provides a more natural appearing breast. To recreate
the NAC, several options are available including grafts, local flaps, and flaps with
augmentation [30]. Most commonly seen in our practice is a local flap consisting of
a tri-lobed or star-shaped subdermal incision. The flap “arms” are then reconstructed
into a nipple shape and subcutaneous fat is often added to augment the reconstructed
nipple size. Tattooing for color matching is typically performed 6—12 weeks after
surgery.

Mammographic imaging of a reconstructed NAC may show typical skin calcifi-
cations along the incision site. Theoretically, the punctate hyperdense foci seen in
the lymph nodes of women with upper extremity tattoos [31] could be seen in this
setting as well. Finally, on MRI a native nipple will typically show a thin rim of
hyperintense signal on contrast enhanced T1-weighted imaging, while the recon-
structed nipple will enhance similarly to the adjacent skin.
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Chapter 9
In Situ Disease on Breast MRI

Heather I. Greenwood and Bonnie N. Joe

Abstract Ductal Carcinoma in Situ is a non-invasive form of breast cancer, in
which malignant ductal epithelial cells proliferate, but do not invade through the
basement membrane. It is a heterogeneous disease, and is a non-obligate precursor
to invasive carcinoma. With the advent of screening mammography the incidence of
DCIS has greatly increased. MRI is the most sensitive examination for detecting
DCIS. The most common presenting morphology of DCIS is nonmass enhance-
ment, with a clumped internal enhancement pattern and with a segmental distribu-
tion pattern. There is great variety in the kinetic patterns of DCIS, and therefore
assessment must be based on morphology. Additional tools, such as diffusion
weighted imaging have been shown to be promising in helping detect clinically
relevant DCIS.

Keywords Ductal Carcinoma in Situ (DCIS) ¢« MRI ¢ Nonmass enhancement
Clumped internal enhancement ¢ Clustered ring internal enhancement * Segmental
distribution ¢ Diffusion Weighted Imaging (DWI) ¢ Overdiagnosis ® Overtreatment
* Oncotype DX 12-gene assay (DCIS Score)

9.1 Background

Ductal carcinoma in situ (DCIS) is a noninvasive breast cancer, referred to as stage
0 breast cancer. At pathology DCIS shows the proliferation of malignant ductal
epithelial cells that line a terminal ductal lobular unit without evidence of invasion
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through the basement membrane. DCIS represents a broad spectrum of disease, and
is a non-obligate precursor to invasive breast cancer [1-3]. Some lesions may remain
clinically quiescent, while others are precursors to invasive breast cancer.

DCIS is rarely symptomatic. With the advent of screening mammography, there
has been a significant increase in the incidence of DCIS from 18.7 per 100,000 in
1973-1975 to 32.5 per 100,000 in 2005 [4], a 17-fold increase. DCIS now accounts
for up to 25 % of screen detected breast cancers [5].

The term DCIS includes a markedly heterogeneous group of lesions which differ
in genetic and molecular abnormalities, histopathologic features, and biologic
markers [6]. DCIS is classified according to its tumor grade (high, intermediate,
low) architectural pattern (solid, cribiform, papillary, micropapillary, comedo-type),
and the presence or absence of necrosis.

Despite the fact that not all cases of DCIS progress to IDC, women who have
been diagnosed with DCIS report similar psychologic morbidity as women with
invasive cancer [7, 8]. With this similar psychologic morbidity as well as the great
heterogeneity of DCIS, there is currently a significant controversy regarding the
clinical significance of DCIS, as well as the possible overdiagnosis and overtreat-
ment of DCIS.

The definition of overdiagnosis is “the detection of cancers that would never have
been found were if not for the screening test” [9]. Overdiagnosis is considered a
harm of screening mammography, and may be considered the most adverse outcome
of screening mammography. Autopsy series of women not known to have breast
cancer in their lifetime show a prevalence of DCIS of about 10-15 % [10-12].

It is not possible to recognize which cases of breast cancer are cases of overdiag-
nosis at the individual level; the number may only be estimated at a population level
based on data from years of screening mammography. Puliti et al. conducted a lit-
erature review of observational studies providing estimates of breast cancer overdi-
agnosis in a European population based mammographic screening program. The
analysis of the papers in the review and of the biases that may affect the estimates
found that the most likely estimate of overdiagnosis, “expressed as a percentage of
the expected incidence in the absence of screening”, was low, and ranged from 1 to
10 %. The authors found the much higher estimates of overdiagnosis in the litera-
ture they reviewed to be related to “the lack of adjustment for breast cancer risk and/
or lead time bias” [13].

An additional factor in over diagnosis may be secondary to high inter-observer
pathologist variability and discrepancies in the classification of DCIS [14-20].
Several of the discrepancies in this classification come from the criteria used to dis-
tinguish between atypical ductal hyperplasia (ADH) and DCIS [17]. The architectural
appearance and extent of disease process are not simultaneously present in ADH: the
diagnosis of ADH is therefore made when some features of DCIS are present, how-
ever others are absent [21, 22]. Rosai et al. reported an “unacceptably high” interob-
server variation between experienced pathologists in the context of ADH versus
DCIS categorization [19]. Thus the issue of over diagnosis, is one shared by both
radiologists and pathologists.
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Despite the heterogeneous nature of DCIS, it has been shown that almost all
invasive cancers arise from DCIS [23]. Long term (30 year) follow-up of low grade
DCIS treated only with biopsy without definitive excision or radiation therapy dem-
onstrates a 30-60 % incidence of IDC, usually at or near the site of DCIS [24]. Half
of recurrent cases of DCIS lesions manifest as invasive cancer, and 20 % of DCIS
cases result in distant metastatic disease in 10 years [25]. It is therefore essential to
have an accurate test for the diagnosis and detection of DCIS.

The goal of treating DCIS is to prevent the development of invasive cancer and
to decrease the rate of local recurrence. Traditionally DCIS has been treated in most
women with breast conservation therapy (lumpectomy) either with or without radia-
tion therapy. Several randomized controlled trials have shown that adding radiation
treatment following lumpectomy decreases the risk of local recurrence and invasive
local recurrence by 50 % [26-31]. However, some patients at low risk of recurrence
may not require radiation therapy.

A challenge in the treatment of DCIS is that clinical factors and pathologic fea-
tures of DCIS have not been shown to consistently help clinicians determine patients
at low risk. The Oncotype DX 12-gene assay (DCIS Score) is a multigene expres-
sion assay that generates individualized estimates of the 10-year risk of any local
recurrence (LR). The score is generated from an algorithm that includes 12/21 genes
in the Oncotype DX invasive assay. The Oncotype DX Score has been shown to
predict local recurrence in patients who have undergone breast conservation therapy
alone [32]. Therefore, the Oncotype DX score in combination with other well-
established risk factors has the potential to be a useful tool in decreasing the over-
treatment of DCIS.

9.2 Sensitivity of Imaging Modalities

An accurate assessment of the extent of DCIS is required for successful breast con-
servation therapy, as patients with positive margins after surgery and patients with
residual synchronous foci of DCIS have an increased risk of recurrence. Several
studies have shown that MRI is the most sensitive imaging examination for the
detection of DCIS. The overall sensitivity of MRI for DCIS has been shown to be
approximately 92 %, versus 56 % for mammography [33]. MRI detection is related
to contrast uptake. Contrast uptake, or enhancement, is secondary to tumor vascu-
larity, vessel density and permeability. Therefore, MRI, unlike mammography may
detect not just calcified DCIS, but also noncalcified DCIS.

Over the past several years, studies have demonstrated the increasing sensitivity
of MRI for detecting DCIS. Early studies looking at the sensitivity of MRI for
DCIS were performed at a higher temporal resolution and lower spatial resolution,
focused on mass lesions, and were also performed in patients with a new diagnosis
of breast cancer, generally diagnosed by either mammogram or ultrasound [34].
More recent studies have used higher spatial resolution MRI technique, focused on
nonmass enhancement distinct from background parenchymal enhancement (BPE),
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and evaluated a high risk screening population. These more recent studies have
shown a greatly increased sensitivity of MRI for detecting DCIS [33, 34].

Not only is MRI the most sensitive examination for the detection of DCIS but
it’s sensitivity increases with increasing histologic grade. MRI has been shown
to have a sensitivity of 80 % for low grade DCIS, 91 % for intermediate grade,
and 98 % for high grade DCIS [33]. Thus MRI is the most sensitive at detecting
the type of DCIS that is most likely to progress to invasive carcinoma and to
recur.

In addition, contrast enhancement is a biomarker of protease and angiogenic
activity. There is increasing vascularity with increasing grades of DCIS. Protease
activity is required to penetrate into the basement membrane and beyond it [35].
These factors suggest that DCIS detected on MRI may be more clinically relevant.
Therefore, MRI may prove a useful tool in the evaluation of DCIS and may help to
allay criticism of mammographic overdetection.

9.3 MRI Features of DCIS

9.3.1 Morphology

Given that MRI has been shown to be the most sensitive imaging modality for the
detection of DCIS, it is important to recognize the various MR imaging presenta-
tions of DCIS. The most common presenting morphology of DCIS is nonmass
enhancement, seen in 60-81 % of cases [36—38]. Nonmass enhancement (NME) is
defined as enhancement of an area that is not a mass. The term NME has replaced
nonmass like enhancement in the BI-RADS lexicon [39]. Nonmass enhancement is
further defined by its internal enhancement pattern as well as its distribution. The
most common internal enhancement pattern seen when DCIS presents as NME is a
clumped pattern, defined as cobblestone-like enhancement with occasional conflu-
ent areas. This internal enhancement pattern is seen in approximately 41-64 % of
cases presenting as NME (Fig. 9.1). Less frequently when DCIS presents as NME,
it may present with a heterogeneous (1629 % of cases) or homogenous (0-16 % of
cases) internal enhancement pattern [36-38].

In the second edition of BI-RADS for MR, the internal enhancement pattern
“clustered ring” has been added. This is defined as small rings of enhancement,
which are clustered together (Figs. 9.2 and 9.3) [39]. A study by Tozaki et al. showed
that this finding was seen in 63 % of cases of malignancy (including both invasive
and non-invasive), versus only 4 % of benign cases. The specificity for malignancy
of the finding of clustered ring enhancement was 96 % [40].

When DCIS presents as NME, the most common distribution pattern is a seg-
mental distribution, seen in approximately 14—77 % of cases [36-38, 41]. This is
defined as a triangular region of enhancement, apex pointing to the nipple, suggest-
ing a duct or its branches (Fig. 9.4) [39]. It may also present less commonly in a
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Fig. 9.1 High nuclear grade DCIS in a 47 year old found on screening mammography. (a) CC spot
magnification view demonstrates segmental pleomorphic calcifications (b) MRI performed for
extent of disease, maximum intensity projection (MIP) images demonstrates regional nonmass
enhancement with a clumped internal enhancement pattern in the inner right breast

Fig. 9.2 Sagittal
post-contrast subtracted
image demonstrates
segmental NME with a
clustered ring internal
enhancement pattern,
compatible with biopsy
proven DCIS in a

38 year old

linear, focal, regional, or diffuse enhancement pattern [36-38, 41]. The MR
BI-RADS 2nd edition has removed the distribution ductal from the lexicon [39].
DCIS may also present as a mass morphology on MRI. A mass is defined as a 3D
space occupying structure with convex outward contour, which may or may not dis-
place or otherwise affect the surrounding normal breast tissue [39]. This morphology
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Fig. 9.3 28-year-old female with a palpable lump in the right breast. Given the patient’s age she
had an ultrasound examination to start. (a) Ultrasound images show an irregular mass containing
multiple echogenic foci (b) Subsequently performed CC mammogram demonstrates fine pleomor-
phic calcifications. (¢) MRI performed for extent of disease demonstrates regional NME with a
clustered ring internal enhancement pattern, consistent with biopsy proven DCIS

has been seen in approximately 14—41 % of cases of DCIS on MRI [36-38]. Masses
are further defined by shape, margin, and internal enhancement patterns. When
DCIS presents as a mass on MRI it most commonly is an irregular mass, seen in
14-83 % of cases (Fig. 9.5). Less frequently it may present as an oval or round mass
[36, 37, 42]. Of note, the 2nd edition of the MR BI-RADS lexicon has removed the
shape lobular for mass lesions to be consistent with the mammogram and ultrasound
sections. Masses with up to 3 lobulations now simply are described as “oval” [39].
The literature describes various mass margins when DCIS presents as a mass on
MRYI, including irregular (14-92 % of cases) and spiculated (0-92 % of cases) (Fig.
9.5). Infrequently DCIS presenting as a mass may have smooth margins (4-8 %
cases) [36, 37, 42]. DCIS manifesting as a mass on MRI, may have various internal
enhancement patterns. The most common pattern is heterogeneous (9-67 %), fol-
lowed by homogenous (9-25 %), and less commonly rim enhancement (0-8 %)
(Fig. 9.6) [36, 37]. To our knowledge, there has not been a report of non-enhancing
dark internal septa in reports of DCIS seen as a mass on MRI. Of note, the terms
central enhancement and enhancing septations have been removed from the new
BI-RADS lexicon [39].

The least common morphologic appearance of DCIS is a focus [36-38]. A focus
is defined as a lesion <5 mm, which is too small to further characterize (Fig. 9.7)
[39]. The new BI-RADS edition has removed the term foci from the lexicon [39].
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T
% LMCC

Fig. 9.4 34 year old with left bloody nipple discharge, normal mammogram and ultrasound. (a)
LM and (b) CC views from a ductogram show an intraductal-filling defect in a slightly lower,
slightly outer duct. Left duct surgical excision revealed IDC and DCIS on pathology. (¢) MRI post-
contrast subtracted MIP demonstrated extensive clumped NME with a segmental distribution (d)
Kinetic image demonstrates mixed, predominantly Type 2 and Type 3 delayed kinetics. MR guided
biopsy revealed DCIS and IDC. Kinetic key: Type 1 = blue, Type 2 = green, Type 3 = red
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Fig. 9.5 Micropapillary
DCIS in a 38-year-old
woman with a palpable
lump in the left breast.
Post-contrast subtracted
MR image shows an
irregular mass, with
spiculated margins,
consistent with biopsy
proven micropapillary
DCIS

Fig. 9.6 High grade
DCIS in a 38 year old
female with new diagnosis
of DCIS. Post-contrast
MIP image demonstrates
an oval mass with
irregular margins and a
heterogeneous internal
enhancement pattern in
the slightly outer right
breast

H.I. Greenwood and B.N. Joe

Rosen et al. found that pure DCIS manifests as a focus in 12.5 % of cases while
3.0 % of invasive carcinomas manifest as a focus [38]. Van Goethem et al. found
that a focus was seen in 20 % of DCIS cases versus 2.8 % invasive cancers [44].
Factors suggesting that a focus is malignant on MRI include: no T2 hyperintensity,
lack of fatty hilum, washout kinetics, new or enlarging in size. Signs of benignity of
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Fig. 9.7 Intermediate-
grade DCIS in a 44 year
old woman with negative
mammographic findings
who underwent screening
MR imaging because of a
strong family history of
premenopausal breast
cancer. Sagittal
postcontrast subtraction
image demonstrates a

4 mm focus that
demonstrated type 3
(washout) kinetics
(Reprinted with
permission from
Greenwood et al. [43],
with permission from
Radiology Society of
North America (RSNA®))

a focus include: T2 hyperintensity, presence of a fatty hilum, persistent kinetics, and
stability [39].

Jansen et al. found that there was no statistically significant difference between
MR morphology in low, intermediate, and high nuclear grade DCIS lesions [36].
Additional studies by Chan et al., and Rahbar et al., also found no significant
difference in MR morphology between high grade and non-high grade DCIS [37,
45]. At this point, no study to our knowledge has shown that MR morphology is able
to predict nuclear grade of DCIS.

9.3.2 Kinetics

The kinetic pattern of DCIS varies widely. The initial enhancement phase is defined
as occurring within the first 2 minutes after contrast injection or until peak enhance-
ment is reached [39]. In the initial phase, the most common kinetic pattern for DCIS
is a fast uptake, seen in 49-68 % of cases, less commonly an intermediate (<20 %
of cases) or slow pattern (<20 % of cases) [36, 38, 46]. Of note, in the new BI-RADS
5th edition the term fast has replaced rapid [39]. The delayed enhancement phase is
defined as following 2 minutes after contrast injection or after peak enhancement is
reached and is used to described the shape of the curve [39]. There is a wide variety
of delayed phase kinetic patterns seen in DCIS. The most common pattern is a pla-
teau (type 2), seen in 20-52 % of cases (Fig. 9.8) followed by a washout pattern
(type 3), in 28—-44 % of cases, and persistent enhancement pattern is seen in 20-30 %
of cases [36, 38, 46]. Given the significant variation in the kinetic patterns of DCIS,
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Fig. 9.8 High grade DCIS in a 56-year-old woman with a palpable lump (a) Ultrasound image
demonstrates a hypoechoic mass with indistinct margins and echogenic foci, corresponding to calci-
fications on mammography. (b) MRI performed for extent of disease demonstrates corresponding
segmental clumped NME (c¢) with predominantly Type 2 (plateau) delayed kinetic pattern, compati-
ble with biopsy proven high grade DCIS (Kinetic key: Blue = type 1, yellow = type 2, red = type 3)
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it is very important to base the assessment for DCIS on MRI primarily on morphol-
ogy rather than kinetics.

Additional studies have looked at whether kinetic patterns may predict grade of
DCIS. Jansen et al. found no significant difference in kinetic patterns, both initial
and delayed, and grade of DCIS [36]. A study in 2012 by Rahbar et al. found no
significant association between nuclear grade and delayed phase of enhancement.
They did find a non-significant trend (p = .05) towards higher peak initial enhance-
ment in high-grade DCIS lesions, compared to non-high grade, at 1.5 T [47].
However, a subsequent study by Rahbar et al. in 2015, found no statistically signifi-
cant difference in kinetic patterns, initial and delayed, of various grades of DCIS
when done at 3 T MR imaging [45].

933 15T Versus3T

There has been increasing use of 3 T MRI for clinical dynamic contrast enhanced
breast imaging over the last decade. As it has become apparent that high spatial reso-
lution allows for more accurate detection of DCIS, it follows that 3 T MRI may have
increased sensitivity for DCIS, as a benefit of 3 T imaging is higher signal to noise
ratio, which allows for higher spatial resolution [48]. Rahbar et al. did a prospective
study in patients newly diagnosed with pure DCIS. Each patient underwent a pre-
operative breast MRI at both 1.5 T and 3 T imaging. They found that maximum DCIS
lesion size on 3 T had a higher correlation with maximum size found on pathology
than did 1.5 T [49]. 3 T may therefore be clinically helpful in pre-operative planning
for DCIS lesions and further research in this area may be of clinical significance.

9.4 Diffusion Weighted Imaging

As discussed earlier, DCIS has a variable morphologic and kinetic presentation at
MRI, which may present diagnostic challenges. No statistically significant differ-
ence in morphology has been shown to predict high grade versus non-high grade
DCIS [36, 37, 45]. As the concerns for overdiagnosis and overtreatment grow, this
becomes a challenge. In addition, another challenge is that breast MRI requires
gadolinium administration with may limit accessibility. Diffusion weighted imag-
ing (DWI) is a valuable MRI technique that may better be able to predict grade of
DCIS and in addition it does not require any intravenous contrast. DWI quantifies
the random motion of water in biologic tissue. The apparent diffusion coefficient
(ADC) is the most common quantification of this water transport. Cancers are often
more cellular than normal tissue, therefore restrict the diffusion of free water, and
this forms the basis of DWI in oncology [50]. In breast cancer, a restricted ADC is
widely accepted as a marker of cellularity [51-57].

Rahbar et al. looked at 74 pure DCIS lesions and found that quantitatively these
lesions demonstrated higher DWI and lower ADC than normal tissue in the same
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patient, with a statistical significant difference [58]. In a subsequent study Rahbar
et al. studied whether 3 T MRI was able to identify low risk DCIS. This study looked
at the features of 36 DCIS lesions on MRI, 8 classified as low risk and 28 high risk.
Again no statistically significant differences were found for morphologic features
and kinetics between low risk and high risk DCIS. However, low risk DCIS lesions
showed different DWI features, such as higher contrast to noise ratio and lower
normalized ADCs than high-risk DCIS lesions [45].

Tima et al. studied 22 patients with pure DCIS and found that the ADC of high and
intermediate grade DCIS were significantly lower than those of low-grade DCIS,
and there was a significant negative trend between mean ADC and tumor grade.
These preliminary results suggest that possibly DWI may be able to identify patients
with low grade DCIS, which if confirmed could decrease patient anxiety and decrease
invasive approaches [59].

An additional study by Rahbar et al., suggests that the combination of findings
on DCE MRI and DWI may be able to predict low grade from high grade DCIS,
with up to 81% accuracy. Larger size lesions corresponded with higher grade
DCIS. A higher contrast to noise ratio (CNR), between each lesion and normal tis-
sue on DWI (b = 600 s/mm~*2) was seen in non-high grade DCIS which was thought
to be related to greater T2-shine through, as no significant difference in ADC values
between high grade and non-high grade lesions [45]. This lack of difference between
ADC values and grade of DCIS is different than the results of Iima et al., as ADC
values are technique-dependent, and further research is required in this area.

9.5 MRI Features Suggestive of Occult Invasion

Microinvasive DCIS is a subtype of disease which shows 1 mm or less of extension
of cancer cells through the basement membrane. Hahn et al. found that microinva-
sive DCIS showed more suspicious MR imaging characteristics than pure
DCIS. These findings included spiculated mass-type lesion, segmental distribution,
and clustered ring enhancement of nonmass enhancement, and strong initial
enhancement kinetics with washout kinetics [60].

The early identification of an invasive cancer along with DCIS, which is different
than microvinasive cancer, is important because it results in changes to surgical
management, including a sentinel node biopsy [61]. Wisner et al. looked at whether
certain MRI BI-RADS criteria or radiologist perception correlated with invasive
cancer after initial diagnosis of DCIS on core-biopsy. 13/51 patients with core-
biopsy proven DCIS had invasion at excision. There was a significant positive cor-
relation between the presence of a mass and invasion while nonmass enhancement
had a significant negative correlation with invasion [62]. Goto et al. found that that
certain MR findings of breast lesions, particularly in NME lesions, including large
size of lesion and relatively higher signal intensity on fat-saturated-T2 W images,
were suggestive of invasion in biopsy proven DCIS [63]. However, Nori et al. did
not find MRI morphologic features to be significantly associated with prediction of
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DCIS plus invasive cancer when looking at cases of DCIS diagnosed on percutane-
ous biopsy [64]. This is an area where future research attention may be helpful.

9.6 Summary

With the advent of screening mammography the incidence of DCIS has increased
significantly. MRI has been shown to be the most sensitive examination in the detec-
tion of DCIS. Not only is MR the most sensitive imaging modality but it is likely the
one to detect the most clinically relevant cases of DCIS, and it is therefore essential
to recognize the various presentations of DCIS on MR imaging. The most common
morphology of DCIS is nonmass enhancement, and the most common distribution
for the NME is in a segmental pattern. The most common kinetic pattern of DCIS is
a fast initial uptake, however there is great variation in the delayed phase. It is thus,
essential to evaluate lesions based on the morphologic pattern.

Given the broad spectrum of disease that DCIS represents, and the significant
current controversies regarding both overdiagnosis and overtreatment of DCIS,
additional research evaluating MR and its various techniques, including DWI, may
be extremely useful in helping increase the detection of clinically relevant cases of
DCIS and improving prediction of nonprogressive DCIS.
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Chapter 10
MRI Appearance of Invasive Breast Cancer

Lea Gilliland and Maria Piraner

Abstract This chapter reviews invasive cancers using both the molecular classifi-
cation of subtypes of breast cancer and the traditional pathologic classification of
breast cancers. MRI is a frequently used modality for evaluating breast cancer.
Tumors demonstrate varying morphologic and enhancement characteristics depend-
ing on tumor type. Knowledge of the MRI appearance of various tumors is helpful
for expanding the differential diagnosis.

Keywords Luminal A/Luminal B breast cancer * Her2 enriched breast cancer °
Triple negative breast cancer ¢ Invasive ductal carcinoma ¢ Invasive lobular carci-
noma ¢ Papillary carcinoma ¢ Micropapillary carcinoma ¢ Mucinous carcinoma
Medullary carcinoma ¢ Tubular cancer * Metaplastic carcinoma ¢ Adenoid cystic
carcinoma ¢ Phyllodes tumor

10.1 Introduction

Dynamic contrast enhanced Breast MRI emerged in the 1990s as a novel technique
to detect breast cancer. Its high sensitivity is based on tumor angiogenesis and neo-
vascularity [1]. A 2008 meta-analysis of 44 studies demonstrated that MRI has a
sensitivity of 90 % and a specificity of 72 % [2]. A 2007 prospective study of 171
patients in a high risk population reported that MRI detected 100 % of the cancers
while mammography identified 33 % of cancers and ultrasound demonstrated 17 %
[3]. Whereas mammography uses x-rays and ultrasound uses sound waves, MRI
employs a powerful magnetic field, radiofrequency pulses, and high soft tissue
contrast to capture tumor morphology.
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10.2 Categorization of Invasive Breast Disease

Invasive breast cancers may be categorized in a variety of ways. This chapter will
review the molecular and histopathologic classification of types of invasive breast
tumors and discuss morphologic and kinetic appearance of invasive breast disease
on MRI. Although this chapter will focus predominantly on the MRI phenotypic
appearance of invasive cancers, it is important to recognize that more recently,
molecular classifications have been identified.

10.3 Molecular Classification

To determine the molecular signature of breast cancer, messenger RNA is isolated
and tested against complementary DNA microarrays to determine which genes a
cancer expresses, and which genes it lacks [4]. It has been noted that breast cancers
can be divided into two large categories, depending on the pattern of gene expres-
sion. When tumor cells have characteristics similar to the epithelial cells lining the
milk ducts, expressing cytokeratin 8/18 and genes associated with the estrogen
receptor (ER), the cancers are labeled luminal cancers [4]. Alternatively, when can-
cer cells display characteristics similar to the myoepithelial cells (also known as
basal cells) that line the inner surface of the basement membranes, expressing cyto-
keratin 5/6 and laminin, the cancers are grouped into the basal category [4]. These
two large categories of luminal breast cancers and basal breast cancers are defined
and classified on the basis of the presence or absence of ERs [4] which defines the
morphology and behavior of a tumor. Luminal tumors also are characterized by an
absence of overexpression of the gene ERBB2 (also known as the HER2/neu gene),
a proto-oncogene that stimulates cellular growth [4].

Other markers of cell proliferation and invasiveness have been analyzed over the
past decade and four subgroups of breast cancer have been adopted. These are
luminal A, luminal B, HER2-enriched, and basal-like cancers. Luminal A breast
cancers express both estrogen (ER) and progesterone (PR) receptors and are gener-
ally low grade. HER2/neu is not amplified and there is a low Ki-67 proliferative
index. This is the most common type of breast cancer, representing 50 % of all
breast cancers. 5-year survival is greater than 80 % [4]. Luminal B cancers also
express ER and PR but have higher Ki-67 levels and, thus, greater proliferative
activity. Luminal B cancers generally do not overexpress HER2/neu, but 30 % will
be Her2-enriched [4]. Five-year survival is 40 %. HER2-enriched tumors have extra
copies of the HER-2 gene and over produce a growth enhancing protein ERBB2.
This results in increased cellular aggressiveness and fast growth. Sixty-six percent
of HER2- enriched cancers overexpress HER2/neu and the remaining tumors
express overexpress genes in the ras pathway [4] 30—40 % HER2- enriched cancers
are ER and PR positive. Basal like subtypes lack ER, PR, and HER2/neu markers
and overexpress oncogenes that favor cell proliferation and carcinogenesis such as
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p53. Eighty percent of triple negative breast cancers are basal-like. Basal-like can-
cer is more common in younger BRCA1 carriers and in young African American
women [4]. Specific imaging findings can be seen in Luminal A, Luminal B, Her2-
enriched, and basal type cancers.

10.3.1 Luminal A/Luminal B

Luminal A and Luminal B are grouped as ER+ HER2- cancers for imaging pur-
poses. Mammographically, these cancers often present as masses; calcifications are
seen in 41 % of these cancers. Ultrasound often demonstrates irregular masses with
angular or microlobulated margins [4]. 117 ER-positive HER2- negative breast can-
cers were studied by Uematsu and colleagues and MRI findings were reported as
67 % mass enhancement and 33 % nonmass enhancement (NME). Masses were
irregular (32 %) and oval in shape (38 %) with irregular margins (86 %) (Fig. 10.1).
Heterogeneous internal enhancement was seen 97 % of the time with kinetics being
plateau or washoutin 79 % of cases. Lesions were iso- to hypointense on T2-weighted
images 85 % of the time [5].

10.3.2 Her2 Enriched

Although Her 2 positive tumors are not a perfect correlate for the HER2 enriched
subtype, 60 % of HER-2 positive tumors are HER-2 enriched tumors. MRI features
of HER2-positive tumors have been documented. HER-2 positive tumors have been
reported to present as masses with microcalcifications [4]. Calcifications have been
noted in as many as 78 % of HER2-positive tumors [4]. HER-2 cancers are often
associated with DCIS, more than other breast cancer subtypes. Youk and colleagues
reported MR characteristics of 94 HER2-positive cancers: mass enhancement was
noted in 90 %; 47 % of masses were round or oval and 41 % were lobulated. Margins
were spiculated (51 %) and irregular (48 %). Heterogeneous enhancement was most
commonly seen (79 %) and washout was the most common kinetic pattern (90 %)
Her-2-positive cancers demonstrate non-mass enhancement more often than the
other subtypes [4] (Fig. 10.2).

10.3.3 Triple Negative/Basal

MRI characteristics reflect histology in triple negative cancers/basal-like breast cancers
[5-6]. Triple negative breast cancer (TNBC) refers to invasive cancers that lack estro-
gen receptors (ER negative), progesterone receptors (PR negative), and are human epi-
dermal growth factor receptor negative (HER2 negative). The majority of TNBCs are
basal like. TNBCs are associated with the BRCA1 mutation and early metastatic
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Fig. 10.1 Axial and sagittal T1 post contrast images demonstrate an irregularly shaped and irregu-
larly marginated mass with heterogeneous enhancement (arrows). Biopsy demonstrated ER/
PR + HER-2- IDC

Fig. 10.2 Axial and Sagittal T1 post contrast images demonstrate an irregular mass with associ-
ated nonmass enhancement (arrow). Biopsy revealed HER2+ IDC

disease [6]. Clinically, this denotes a poor prognosis because tumors that are ER/PR
negative do not respond to hormonal therapy. Also, targeted therapy with monoclonal
antibodies against HER 2 will not work in tumors that are HER2 negative. TNBCs are
typically high-grade [5]. Histologically, triple negative breast cancers are associated
with the presence of a central scar, tumor necrosis, the presence of spindle cells or squa-
mous metaplasia, high total mitotic count, and high nuclear-cytoplasmic ratio [5].
TNBC:s often appear as circumscribed round or oval masses and are less likely to
show distortion or calcifications [7]. Ultrasound frequently demonstrates a solid
hypoechoic or mixed echogenicity oval, round or irregular mass with circumscribed
or indistinct margins [5, 8]. TNBCs are generally seen as mass lesions on MRI
with very few appearing as non-mass enhancement (NME) (Fig. 10.3). Masses
may be round, oval or irregular with circumscribed, irregular or spiculated margins.
Differentiation from benign masses can be difficult, as many features such as oval,
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Fig. 10.3 Axial
T1-weighted post contrast
subtraction image
demonstrates an
irregularly shaped
circumscribed mass with
heterogeneous
enhancement (white
arrow). A smaller similar
mass is noted medially
(gray arrow). Biopsy of
the large and small masses
yielded triple negative
cancer

circumscribed masses, persistent enhancement, and high T2 signal are seen both in
benign lesions and TNBCs, although the high T2 signal in a TNBCs is often due to
necrosis (Fig. 10.3). Rim-enhancement and internal, enhancing septations should
increase suspicion if seen [7]. TNBCs are more likely than other cancers to have
persistent enhancement kinetics [7].

10.4 MRI Tools for Detecting Invasive Cancer

10.4.1 MR-BI-RADS and Descriptors of Invasive Carcinomas

The MR-BI-RADS lexicon identifies specific morphologic and kinetic characteristics
for Enhancing lesions and is discussed in Chap. 2, so will only briefly be addressed
here. The combination of morphologic and kinetic features has a reported sensitivity
of 90 % and a specificity of 72 % for detecting malignancy [2].

10.4.1.1 Morphologic Features of Invasive Disease

Invasive cancer may present as a mass, NME or a focus on MRI. A 2007 study
reviewed MRI biopsy results found the probability of malignancy to be 34 % for
masses, 27 % for NME, and 19 % for foci [9]. Certain lesion characteristics should
raise suspicion for malignancy and invasive disease, in particular masses with irregular
and spiculated margins [10, 11]. A 2006 study documenting the characteristics of
171 masses on MRI demonstrated the most frequent morphological finding in
malignant lesions was heterogeneous internal enhancement (96 % of malignancies
demonstrated in the delayed phase and 90 % in the early phase). Features with the
highest positive predictive value for carcinoma were spiculated margin (100 %),
delayed central enhancement (100 %), enhancing internal septations in the delayed
phase (97 %), and irregular shape (97 %). Of the masses studied 25 % of smooth
round or oval masses were malignant, 85 % of irregularly-shaped or marginated
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masses were malignant and 100 % of spiculated masses were malignant. Smooth
margins were the most frequent finding in benign lesions (80 %) [11]. Regarding
masses, a 2012 study of 969 patients demonstrated the highest PPV was found with
irregular margins (PPV, 0.196) and spiculated margins, (PPV, 0.333). The lowest
PPV was found with smooth margins (PPV, 0.052). Masses with marked internal
enhancement were most likely to represent cancer (PPV, 0.231). Both plateau (PPV
0.152) and washout (PPV, 0.178) were associated with cancer [12].

10.4.1.2 Kinetic Features of Invasive Disease

Tumor enhancement may be plotted on a time-signal intensity curve. The initial
contrast enhancement and the delayed contrast enhancement characteristics are cal-
culated. These kinetic curves have become a standard component of the breast MRI
exam and allow for better prediction of malignancy. Due to angiogenesis, malignan-
cies demonstrate rapid wash-in and wash-out of the contrast agent. This is known as
atype 3 time-signal intensity curve. This type 3 pattern is the most concerning curve
type. However, benign entities (such as lymph nodes) may demonstrate this wash-
out curve. In addition, a persistent or plateau curve may be seen in both benign and
malignant lesions [10, 13]. A 2010 study comprised of 120 malignancies, both in
situ and invasive cancers, demonstrated persistent enhancement in 10 % of masses,
plateau enhancement in 48.6 %, and washout in 41 % of masses [13]. Enhancement
patterns of NME were less specific for malignancy [13].

10.4.2 Evolving MRI Techniques for Imaging Invasive Disease
10.4.2.1 Diffusion Weighted Imaging

New functional MRI tools may improve the sensitivity of MRI for detecting invasive
disease. Diffusion weighted imaging (DWI) is one such technology (Fig. 10.4) and
is discussed in detail in Chap. 15. Malignant breast tumors have high cellularity and
often demonstrate restricted water diffusion (high signal intensity) and lower appar-
ent diffusion coefficient (Fig. 10.4). Studies demonstrate an increase in specificity
compared to contrast-enhanced MRI alone [14]. A 2010 study of 84 breast lesions
demonstrated 97.9 % sensitivity and 75.7 % specificity of DWI. The addition of
DWI to standard MRI may be particularly helpful in increasing MRI specificity for
malignancy, with one study demonstrating a 13.5 % increase in specificity [15].

10.4.2.2 MR Proton Spectroscopy
Proton MR spectroscopy (1H-MRS) is discussed in detail in Chap. 15. Spectroscopy

may be used to help characterize lesions. The choline concentrations in tumors may
be associated with increased membrane synthesis by replicating cells and therefore
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Fig. 10.4 (a) Axial T1 post contrast image demonstrates a round rim enhancing mass with an
irregular border (arrow). (b) MIP image demonstrates enhancement within the mass (arrowhead).
(¢) DWI image demonstrates bright signal within the mass indicating restricted diffusion (arrow)

with biologic aggressiveness [16]. Increased total choline-containing compound
has been associated with overexpression of the HER-2neu gene [17] and with an
aggressive breast cancer phenotype [17, 18]. Studies show that tCho detection rate
is higher in invasive cancer compared to DCIS, possibly associated with more
aggressive behavior and/or faster cell replication.

Choline kinase overexpression has been found to be significantly associated with
high histologic grade and ER-negative status [16]. These associations may be due to
increased cell proliferation. ER is considered a favorable prognostic indicator in
breast tumors as ER-positive tumors are more likely to be well differentiated and less
aggressive. Patients with ER-positive tumors have more therapeutic options, such
as ER blockers or aromatase inhibitors, than do patients with ER-negative tumors.
A study of ER status and MR spectroscopic features found that the total choline-
containing compound detection rate was higher in ER-negative patients [16].
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HER-2/neu is associated with an aggressive tumor phenotype and reduced sur-
vival rate. The intracellular domain of HER-2 neu has tyrosine kinase activity that
regulates cell growth and proliferation [19]. HER-2 neu is overexpressed in 20-25 %
of invasive breast cancers and has been associated with more aggressive tumors,
early relapse, and shorter survival [20]. The choline detection rate has been found to
be higher in HER-2 neu- positive than in HER-2 neu-negative tumors. Additionally,
triple-negative tumors showed significantly higher signal-to-noise ratio (SNR) than
did non—triple-negative tumors [20]. Shin and colleagues found that on MRS, IDCs
were consistently positive for choline whereas DCIS and IDC with an extensive
intraductal component (EIC) were likely negative [18]. SNR was significantly
higher in tumors of high histologic grade than lower histologic grade [18]. In sum-
mary, proton MRS may be an imaging biomarker for malignancy.

10.5 Radiologic-Pathologic Correlation and Invasive Disease

10.5.1 Specific Tumor Types and MRI Appearance

Traditional pathologic classification divides invasive disease into two major subtypes:
invasive ductal carcinoma and invasive lobular carcinoma. Invasive ductal carcinoma
not otherwise specified (IDC-NOS) is the most common. The remaining ductal can-
cers are further subdivided into unusual ductal carcinomas including papillary, micro-
papillary, mucinous, tubular, and adenoid cystic. Stromal malignancies including
metaplastic carcinomas, phyllodes, and sarcomas are rarely encountered. MRI appear-
ance varies according to histologic type; however, tremendous overlap is present.

10.5.2 Invasive Ductal Carcinoma NOS

IDC NOS comprises 85 % of breast cancers. The presence of glandular differentia-
tion and intercellular cohesion defines ductal differentiation. However, most ductal
carcinomas consist of invasive tubules and glands and have no specific type designa-
tion [21]. These tumors often elicit a scirrthous reaction, resulting in the irregular
border seen on MRI. However, high-grade ductal carcinomas may grow so rapidly
that there is no time for a scirrhous reaction, resulting in circumscribed borders. This
circumscribed appearance is more common in BRCA related carcinomas [21].
Common MRI findings are an irregularly-shaped mass with heterogeneous
enhancement and irregular or spiculated margins (Fig. 10.5). Also, peripheral or rim
enhancement can be seen. Although IDC-NOS is typically not bright on T2 -weighted
images, some IDC-NOS demonstrate areas of T2 hyperintensity secondary to necro-
sis [22]. The margins of lesions are often best characterized on nonfat saturated T1-
weighted images. Surrounding breast tissue must be carefully evaluated, as small
satellite masses may be present. Satellite lesions are masses with similar enhancement
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Fig. 10.5 Axial post
contrast color image
shows an irregular mass
with heterogeneous
enhancement (white
arrow). Note the loss of a
fat plane between the mass
and the pectoralis muscle,
as well as enhancement of
the pectoralis (gray
arrow). Biopsy revealed
IDC NOS

characteristics as the primary cancer, but are smaller, and usually in close proximity.
Contrast enhancement characteristics may vary but the most common pattern is rapid
wash-in and rapid wash-out (type 3 curve) [22].

10.5.3 Papillary Carcinoma
10.5.3.1 Histology and Presentation

Papillary carcinoma is a rare variant of invasive ductal carcinoma accounting for
less than 2 % of carcinomas and is most commonly found in postmenopausal
women [23, 24]. Histologically, the epithelium proliferates into villous-like projec-
tions that eventually fill the lumen [23]. Papillary carcinoma is differentiated from
a papilloma by the malignant appearing epithelial cells and an absent myoepithe-
lial layer. Papillary carcinomas are subdivided into solid, intracystic without inva-
sion, intracystic with a focus of invasion, and invasive papillary carcinoma [24].
This carcinoma may arise in the central ducts and is located in the retroareolar
region in about 50 % of patients [24]. Bloody nipple discharge is present in
22-34 % of patients [23]. Patients with papillary carcinoma often have a better
prognosis than patients with IDC-NOS. Axillary lymph nodes are involved less
often in patients with papillary carcinoma than in patients with other types of duc-
tal carcinoma [23].

10.5.3.2 Imaging

Papillary carcinomas are frequently round, oval, and circumscribed on mammogra-
phy [23]. This round appearance is due to their cystic component [25]. Papillary
cancers do not produce a fibrotic reaction and generally do not show spiculation by
mammography. Ultrasound features are a solid hypoechoic or mixed solid and cystic
mass with vascularity [23]. Differentiation from benign papillary lesions can be dif-
ficult. MRI features of papillary carcinomas are an irregular or round, enhancing
mass, often near the nipple. Papillary carcinomas may be bright on both T1 and T2
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Fig. 10.6 (a) Axial T1 post contrast subtraction image demonstrating and oval circumscribed
enhancing mass (gray arrow). (b) Axial T2 image demonstrating increased signal intensity (white
arrow). Biopsy revealed papillary carcinoma

images. [25]. Intracystic papillary carcinoma will have hyperintensity on T2-weighted
images (Fig. 10.6). Enhancement curves can vary from type 1 to type 3. MRI may be
helpful in delineating multiple papillary masses [25].

10.5.4 Invasive Micropapillary Carcinoma
10.5.4.1 Histology and Presentation

Invasive micropapillary carcinoma (IMPCa) is a histologic pattern of breast cancer
characterized by small, tightly cohesive groups of neoplastic cells disposed within
well-delineated clear spaces resembling lymphatic vessels [26]. Micropapillary car-
cinomas of the breast are described pathologically as having numerous small
pseudo-papillary clusters of cells without fibrovascular cores and clusters sur-
rounded by clear spaces [23, 27]. Micropapillary carcinomas account for less than
2 % of breast cancers [23]. They have a worse overall prognosis than IDC-NOS
[23]. Various studies report varying percentages of metastatic disease to axillary
lymph nodes from 64 to 90 % [27, 28].

10.5.4.2 Imaging

Mammographic appearances include masses displaying a lobulated or irregular
shape with spiculated or indistinct margins. Architectural distortion may also be
present [23]. When calcifications are associated, they are typically fine pleormorphic
or linear branching. Ultrasound features include a hypoechoic or mixed echogenicity
mass with irregular shape and spiculated, microlobulated, or indistinct margins.
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Fig. 10.7 Axial T1
subtraction image
demonstrates an
enhancing spiculated mass
with spiculated borders
(arrow). Biopsy revealed
invasive micropapillary
carcinoma

MRI findings include masses displaying an oval/round or irregular shape with irreg-
ular or spiculated margins [29] (Fig. 10.7). Initial rapid enhancement with washout
or plateau kinetics in the delayed phase may be observed. Internal enhancement may
be homogeneous or heterogeneous [29]. NME has also been reported. Careful atten-
tion should be paid to lymph nodes as invasive micropapillary carcinoma has a pre-
dilection for lymph node involvement [29].

10.5.5 Medullary Carcinoma
10.5.5.1 Histology and Presentation

Medullary carcinoma of the breast is rare, accounting for less than 5 % of breast
cancers [30]. It is defined by the World Health Organization (WHO) classification
of breast tumors as “a well-circumscribed carcinoma composed of poorly differenti-
ated cells arranged in large sheets, with no glandular structure, scant stroma, and a
prominent lymphoplasmacytic infiltrate” [30]. It is most commonly seen in women
in their late 40s and early 50s and has a more favorable prognosis than IDC-NOS
[30]. A higher incidence of medullary carcinoma is noted in patients with BRCA1
mutation. A series of 1490 patients managed with breast-conservation therapy that
consisted of lumpectomy and radiation therapy at Yale University included 46 cases
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Fig. 10.8 (a) Axial T1 post contrast subtraction image demonstrates a mass with an irregular
border and rim enhancement characteristic of medullary carcinomas (white arrow). (b) T2 image
demonstrates hyperintense signal within the mass (gray arrow). Biopsy revealed medullary
carcinoma

of medullary carcinoma. The 10-year distant relapse-free survival in the medullary
cohort was significantly better than in the control group of IDC NOS (94.9 % vs.
77.5 %, p = 0.028) [30].

10.5.5.2 Imaging

Mammographic appearance is a dense oval or round mass with circumscribed or
microlobulated margins. Ultrasound appearance may be confused with a fibroade-
noma [30]. Often medullary carcinomas are circumscribed, hypoechoic, parallel
masses with varying degrees of through transmission [30]. The MRI appearance
has been reported as isointense on T1-weighted and isointense or slightly hyperin-
tense on fat-saturated T2-weighted images. Medullary carcinomas have oval or
round shapes and smooth margins upon contrast enhancement. Heterogeneous
enhancement with delayed, peripheral enhancement on late-phase contrast MRI has
been reported [30]. Rapid wash-in and rapid wash-out or plateau enhancement is
often seen. The peripheral rim enhancement correlates with a peripheral com-
pressed fibrous tissue with prominent lymphocytic infiltration noted at pathology
[30] (Fig. 10.8).

10.5.6 Mucinous Carcinoma
10.5.6.1 Histology and Presentation
Mucinous carcinoma, also known as colloid, mucous, or mucoid carcinoma of the

breast is a well-differentiated type of invasive adenocarcinoma characterized by
large amount of extracellular epithelial mucus. Mucinous carcinoma constitutes
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1-7 % of breast carcinomas. Two subtypes of mucinous carcinoma may be differen-
tiated histologically: pure and mixed. The pure type typically has indolent growth,
while the mixed type has variable biological behavior, often similar to IDC-NOS. The
pure type typically demonstrates a lower histological grade (well-differentiated
tumors), higher hormone receptor expression, lower incidence of adverse onco-
genes, lower rate of axillary lymph node involvement at diagnosis, and longer dis-
ease-free survival [31].

10.5.6.2 Imaging

Mucinous carcinoma may present as circumscribed lesions. A multimodality
approach is helpful to reach appropriate diagnosis as well as to differentiate between
the two histological types of the neoplasm. Typically, a mucinous carcinoma presents
as an oval or round mass with circumscribed margins. At mammography, the pure
type correlates with circumscribed or microlobulated margins while the mixed type
presents with more indistinct or spiculated contours secondary to a higher degree of
fibrosis and peripheral desmoplasia, similar to a IDC-NOS. Microcalcifications are
uncommon and may be associated with peripheral component of DCIS [32].
Sonographically, mucinous carcinomas are often heterogeneous in echogenicity and
may have mixed solid and cystic components. Posterior acoustic enhancement is
common [33].

Mucinous carcinoma on MRI typically has a lobular shape, homogeneous and
markedly high signal intensity on T2-weighted images, and a persistent enhance-
ment pattern on dynamic MR images (with rim-like peripheral or heterogeneous
internal enhancement). Thus, it has MR imaging features of both benignity and
malignancy (Fig. 10.9). The combination of MR imaging features is useful for pre-
operative diagnosis of the tumor [34]. High signal intensity on T2-weighted images
is seen in a pure mucinous carcinoma because the entire tumor is filled by mucin. In
mixed mucinous carcinomas, the solid component is identifiable by its relative sig-
nal hypointensity on the T2-weighted images [35].

High signal intensity of the mucinous cancer on T2-weighted images is not
pathognomonic because other lesions such as necrosis, hemorrhage, edema, myxoid
matrix or cystic component are also high signal [36]. On dynamic contrast-enhanced
sequences, variable enhancement morphology may occur; however, peripheral,
ring-shaped, or heterogeneous enhancement are more characteristic and progressive
along time. Enhancing internal separation may also be present. The pure type of
mucinous cancer generally demonstrates mild to moderate enhancement at the early
phases, with type 1 (persistent) curves or type 2 (plateau) curve. The persistent
enhancement pattern is related to the tumor cellularity, nuclear grading, and amount
of extracellular mucin. Thus, an intense enhancement in the first 2 min after gado-
linium injection, or a type 3 curve (washout) must raise suspicion of mixed-type
MMC or, an even rarer pure tumor with high cellularity [37].

Compared with other subtypes of breast cancer, mucinous cancers typically
demonstrate low signal intensity on diffusion-weighted images and high apparent
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Fig. 10.9 (a) Axial T1 post contrast color image demonstrates an irregular mass with plateau
(Type II) enhancement (gray arrow). (b) T2 image demonstrates high signal intensity (white arrow).
Biopsy revealed mucinous carcinoma

diffusion coefficient (ADC) values in relation to IDC-NOS. High ADC values may be
associated with the presence of extracellular mucin and low tumor cellularity.

10.5.7 Tubular Carcinoma
10.5.7.1 Histology and Presentation

Tubular carcinoma of the breast is a sub-type of IDC-NOS. The peak age at presen-
tation is comparatively younger than with other types of breast cancer. Median age
at diagnosis is in the mid- to late 40s. Most tubular carcinomas are non-palpable and
found incidentally at screening rather than manifesting with clinical findings [38].
Although tubular carcinomas may contain other histologic elements, an excess of
75 % tubular elements is usually required for the diagnosis of tubular carcinoma
[38]. A distinguishing pathological feature is a single layer of cells lining tubules
with loss of lobular architecture and surrounding infiltration. The glands in tubular
carcinomas lack myoepithelial cells. Lesions may be multifocal or multicentric in
10-20 % of cases [39].

Invasive cancers containing tubular elements are not uncommon; however, pure
tubular carcinoma is rare and accounts for less than 2 % of all breast cancers. Less
pure tubular carcinomas are referred to as mixed tubular carcinomas. A third type is
tubulolobular carcinoma has both tubular and infiltrating lobular elements.
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Fig. 10.10 Axial post
contrast T1 image
demonstrates a small left
sided spiculated mass with
heterogeneous
enhancement (arrow).
Biopsy revealed tubular
carcinoma

10.5.7.2 Imaging

In the majority of cases, on mammography, the lesion is small (< I cm), spiculated,
and can occur with or without calcifications. The appearance mimics typical IDC-
NOS manifesting as one or more small, spiculated masses. The spicules are often
longer than the central mass. Amorphous microcalcifications may be present in
10-15 % of cases [39]. On sonography, the appearance also mimics IDC-NOS, pre-
senting as a hypoechoic solid mass with ill-defined margins and posterior acoustic
shadowing. Dynamic subtraction MR-imaging might show characteristics of a malig-
nant tumor and cannot be differentiated from IDC-NOS based on MR imaging alone
(Fig. 10.10). The prognosis is usually excellent with survival of 97 % at 10 years. The
pure tubular forms carry the best prognosis.

10.5.8 Adenoid Cystic Carcinoma
10.5.8.1 Histology and Presentation

Adenoid cystic (ACC) is a rare variant of IDC accounting for 0.1 % of breast cancers
[40]. Histologically, ACC is characterized by small basaloid cells with a solid cribri-
form pattern or tubular growth patterns enclosing pseudoglandular spaces with mini-
mal eosinophilic material [40]. The cell of origin is unknown, but may arise from the
ductal epithelium and myoepithelium. Adenoid cystic carcinoma has various growth
patterns: glandular, tubular, and solid [40]. Patients typically present with a painful
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subareolar palpable mass. Prognosis is excellent with 10 year survival around 98 %,
despite being ER/PR negative.

10.5.8.2 Imaging

Mammography demonstrates an ill-defined, lobulated mass with rare calcifications.
Ultrasound demonstrates a hypoechoic or mixed ecogenicity mass with irregular bor-
ders and minimal color flow [41]. MRI features can include circumscribed or spiculated
margins (Fig. 10.11) [41]. Enhancement kinetics have been described from type 1 to
type 3. Initial enhancement has been described as rapid and heterogeneous [41]. ACC
with primarily solid features may demonstrate high signal on T2-weighted images [41].

10.5.9 Invasive Lobular Carcinoma
10.5.9.1 Histology and Presentation

Invasive lobular carcinoma (ILC) is the second most common histologic type of
breast carcinoma, accounting for approximately 1015 % of all invasive breast can-
cers. ILC spreads as sheets of a single-cell layer along Cooper’s ligaments and other
structures in the breast. Typically these tumors show a single-file infiltration of
malignant cells through the breast stroma with a relative paucity of desmoplastic
response, hemorrhage, necrosis, or calcification [42]. Because of this infiltrative
growth pattern, ILC is more difficult to detect at clinical examination and mammog-
raphy than is IDC [43]. ILC is usually larger at diagnosis than IDC and is often
multifocal. [44]. ILC has a higher rate of multiplicity and bilaterality than IDC. Lymph
node metastases are less common with ILC than IDC for similar size lesions, so the

Fig. 10.11 Axial T1 post
contrast image
demonstrates an irregular
heterogeneously
enhancing mass. Biopsy
revealed adenoid cystic
carcinoma. It should be
noted that both the central
area of intense
enhancement (white
arrow) and the peripheral
area of less intense
enhancement (gray arrow)
revealed carcinoma
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stage at diagnosis for ILC is overall similar to that for IDC despite the larger size at
diagnosis. [44, 45]. However, higher false-negative rates (up to 19 %) are reported for
ILC than for other invasive cancers at mammography because ILC is often difficult
to diagnose mammographically [46].

The most common clinical findings of ILC are palpable thickening and skin or
nipple retraction [47]. When large, a firm palpable mass may become evident at
clinical examination, often with the clinical examination findings being of greater
concern for breast carcinoma than are the imaging findings. The mammogram often
underestimates tumor size relative to the physical examination findings. ILC also has
a propensity for metastatic spread to the peritoneum, retroperitoneum, and gyneco-
logic organs. Therefore, metastatic ILC should be considered in women presenting
with ascites, hydronephrosis, and/or pelvic masses [48].

10.5.9.2 Imaging

The sensitivity of mammography for the detection of ILC reportedly ranges between
57 and 80 %. The most frequent manifestation of ILC is architectural distortion with
or without a central mass or a focal asymmetry. Calcifications are an uncommon
feature of ILC. Unlike IDC, ILC is more frequently seen in only one view, most
commonly in the craniocaudal view, which typically has better compression than
the MLO view [49]. When ILC is large, the affected breast may appear to be decreas-
ing in size on the mammogram, which has been termed the “shrinking breast” [50].

Sonography is a valuable adjunct to mammography, with reported sensitivities
ranging from 68 to 98 % [51-54]. Sonography is superior to mammography in iden-
tifying multicentricity and multifocality and more accurately reflects the size of a
mass than does mammography or clinical examination. The most common sono-
graphic manifestation of ILC is an irregular or angular mass with hypoechoic and
heterogeneous internal echoes, ill-defined or spiculated margins, and posterior
acoustic shadowing, findings that are seen in 54—61 % of cases. Additional manifes-
tations include circumscribed masses, focal shadowing without a discrete mass, as
well as sonographically occult lesions. Although the US appearances of various
subtypes of ILC overlap considerably, classic ILC tends to manifest as focal shad-
owing without a discrete mass, whereas pleomorphic type ILC is more typically
seen as a shadowing mass. Signet ring, alveolar, and solid subtypes of ILC are more
likely to manifest as a lobulated, well-circumscribed mass [46].

MR imaging is extremely useful for assessing the extent of the disease, with
reported sensitivity of approximately 95 %. It is superior to mammography and
ultrasound in estimating tumor size as well as identifying multifocal and multicentric
disease. A meta-analysis by Mann et al. found that MR imaging was able to detect
additional ipsilateral malignant findings not evident at mammography or US in 32 %
of ILC patients. In addition, unexpected cancer in the contralateral breast was seen
at MR imaging in 7 % of cases. MR imaging has been shown to affect clinical man-
agement in 50 % of patients with ILC, leading to changes in surgical management in
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Fig. 10.12 (a) Axial post contrast color image demonstrates an area of nonmass enhancement
with plateau kinetics (arrow). (b) Sagittal T1 post contrast image demonstrates nonmass enhance-
ment (arrow). Biopsy revealed ILC at multiple sites

28 % of cases [46, 55-57]. In 39 % of women with ILC, MR imaging depicts more
extensive disease than is suspected with conventional imaging [58]. On MR images,
ILC may manifest as an enhancing solitary mass with irregular margins, multiple
enhancing lesions, or only enhancing septations [46, 55-56, 58-59].

Additional manifestations include a dominant lesion surrounded by multiple
small, enhancing foci, multiple small enhancing foci with interconnecting enhanc-
ing strands, architectural distortion, regional or focal heterogeneous NME, enhanc-
ing septa, and normal appearing breast parenchyma (Fig. 10.12). Interestingly,
histopathologic findings suggest that the enhancing strands and septa correlate with
tumor cells streaming within the breast stroma. Most ILC exhibit heterogeneous
rather than homogeous enhancement, and some show poor enhancement [59]. ILC
tends to demonstrate delayed maximum enhancement, with washout exhibited by
only a minority of lesions [60]. Some ILCs may infiltrate and grow without signifi-
cant angiogenesis and neovascularity, resulting in false negative MRI [60]. At MR
spectroscopy, the tCho detection rate is also higher in IDC compared to ILC, which
may be related to the infiltrating nature of ILC, resulting in fat contamination prob-
lem (from preserved background fat) in ILC [58].

A study assessing the impact of preoperative MRI on the re-excision rate in ILC
found that patients who had an MRI had significantly lower re-excision rates com-
pared with patients without preoperative MRI (9 % versus 27 %, respectively). This
group also concluded that there was a trend towards a lower rate of final mastec-
tomy in the ILC subgroup, although this finding did not attain significance [61].
Thus, women with ILC are among those most likely to benefit from the use of pre-
operative MRI for the assessment of extent of disease.
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Fig. 10.13 Axial post contrast subtracted image demonstrates an irregular mass with heteroge-
neous enhancement (white arrow). T2 images demonstrate increased signal within the mass
secondary to necrosis (gray arrow). Biopsy revealed metaplastic carcinoma

10.5.10 Metaplastic Carcinoma
10.5.10.1 Histology and Presentation

Metaplastic carcinoma is a mixed group of malignant neoplasms containing both
glandular and nonglandular patterns with epithelial and/or mesenchymal compo-
nents. Metaplastic carcinoma of the breast is a rare but aggressive type of breast
cancer that has been recognized as a unique pathologic entity by the World Health
Organization. Morphologically, it is characterized by the differentiation of neoplas-
tic epithelium into squamous cells and/or mesenchymal-looking elements (squa-
mous cells, spindle cells, cartilage or bone, etc.) [62]. It shares many similarities with
invasive ductal carcinoma and benign lesions on mammography [62]. It is typically
ER/PR/Her2 negative (triple negative).

Metaplastic carcinomas present primarily in women over 50 as a rapidly growing
palpable mass [62]. Velasco et al. reported characteristics of 12 patients with meta-
plastic carcinoma. All masses demonstrated irregular shape and spiculated margins.
T2 signal was variable but was greater that the surrounding tissue. T2 signals reported
were homogeneous hypersignal(2/12), mottled hypersignal(9/12) and isointense
(1/12). Contrast enhancement pattern was ringlike in 73 % and homogeneous in
27 % [63] (Fig. 10.13).

10.5.11 Phyllodes Tumors
10.5.11.1 Histology and Presentation
Phyllodes is a tumor of stromal origin. Phyllodes tumors account for fewer than 1 %

of breast cancers and presents as rapidly enlarging palpable masses in middle-aged
to older women [38]. Phyllodes tumors are generally benign. However 10 % of



216 L. Gilliland and M. Piraner

Fig. 10.14 Axial post
contrast T1 image
demonstrates an oval
circumscribed mass with
central areas of decreased
enhancement (arrow).
Biopsy revealed malignant
phyllodes

phyllodes tumors are malignant. Phyllodes tumors are classified from low-grade to
high-grade. Wide excision is indicated even for low-grade tumors, since a phyllodes
tumor can be locally aggressive [38]. The risk of metastatic disease is very uncom-
mon with phyllodes tumors. In the rare cases where the tumor does metastasize,
these lesions spread hematogenously, most commonly to the lungs. A chest x-ray is
useful in initial staging [38]. Sentinel node biopsy and axillary dissection is not
helpful, since these tumors do not spread through the lymphatic system [38].

10.5.11.2 Imaging

On mammography, phyllodes tumors typically are seen as a large oval or round
mass with circumscribed or ill-defined borders. Ultrasound often demonstrates an
oval, hypoechoic mass similar to a fibroadenoma with multiple cystic spaces and
mixed echogenicity [38]. MRI findings in a phyllodes tumor are similar to findings
seen in a fibroadenoma. Findings include a well-marginated, oval or round mass
with hypointense to isointense T1 signal and hyperintense T2 signal. Nonenhancing
internal septations and variable enhancement curves from type 1 to type 3 may be
present [64] (Fig. 10.14). High T2 signal in the surrounding breast tissue may be
noted in a phyllodes. Cystic spaces with increased T2 signal may be present.
Distinguishing a phyllodes from a fibroadenoma based on MRI is difficult [64].

10.6 Conclusion

In conclusion, recent understanding of the molecular nature of breast cancers has
helped to explain certain imaging phenotypes seen on MRI. A variety of MR imag-
ing characteristics can be seen with different histopathologic breast pathologies.
Invasive ductal carcinoma presents most frequently as an irregular mass and often
demonstrates Type 3 enhancement kinetics. Mucinous, papillary, adenoid cystic and
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metaplastic carcinoma may demonstrate increased T2 signal. Delayed rim enhance-
ment is a concerning finding seen in triple negative, adenoid cystic and medullary
cancers. Lobular cancers can show minimal to no enhancement and present as
masses, distortion, and non-mass enhancement. Tubular carcinomas display similar
characteristics to invasive ductal carcinomas NOS, often appearing as an enhancing,
spiculated mass. Attention to specific morphologic and kinetic characteristics can
help in differentiating types of cancers. Recent MRI multiparametric developments
such as diffusion and spectroscopy may be useful in identifying biologically signifi-
cant invasive disease. Additionally, MRI may help in identifying axillary nodal
involvement and in surgical planning.
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Chapter 11
Targeted Ultrasound After MRI

Chloe Chhor and Adrienne Newburg

Abstract A magnetic resonance imaging (MRI)-directed ultrasound (US), also
known as second-look US or targeted US, is performed to assess for a sonographic
correlate for a lesion detected by MRI that was not initially seen at mammography
or ultrasound. If a correlate is seen at ultrasound, US-guided biopsy is the pre-
ferred method as it can be less expensive, faster, easier, and more comfortable for
patients than MRI-guided biopsy. Understanding the differences in breast position
between MRI (prone) and ultrasound (supine) in addition to knowledge of the
location and morphology of the MRI-detected lesion can aid in identifying a
sonographic correlate. Performing imaging-histopathologic concordance and
imaging follow-up are important in patient management. In the absence of a sono-
graphic correlate, MRI-guided biopsy is still required of any lesion deemed suspi-
cious at MR imaging.

Keywords Magnetic Resonance Imaging ® MRI ¢ Ultrasound ¢ US * MRI-directed
ultrasound ¢ Directed-ultrasound e Targeted-ultrasound  Second-look ultrasound
Sonographic correlate * Breast cancer ¢ Breast lesions ¢ Incidental breast lesions ©
Breast biopsy ¢ Ultrasound-guided biopsy * MRI-guided biopsy

11.1 Introduction

Breast MRI has been shown to have a high sensitivity (up to 100 %) for the detection
of breast cancer but its specificity and positive predictive value is reported to be lower
[2,9, 11, 15, 18, 20]. Unsuspected suspicious MRI-detected lesions, designated cat-
egory 4 or 5 according to the American College of Radiology Breast Imaging
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Fig. 11.1 Posteriorly located lesion that is not amenable for MRI-guided biopsy. (a) Subtracted
sagittal TIW post-contrast image. (b) MRI-directed US from right breast. A 27-year-old woman
with BRCA2 gene mutation found to have an oval enhancing mass (circle in a) in the right breast
in the far posterior aspect, just anterior to the pectoralis major muscle. MRI-directed US identified
a 9-mm oval hypoechoic mass at 10:00, 5-cm from the nipple (circle in b). US-guided FNA aspira-
tion was performed demonstrating fibroadenoma, which is benign and concordant. This mass
remained stable at 12-months follow-up

Reporting and Data System (BI-RADS) [16], therefore warrant biopsy to establish
tissue diagnosis. Management options include MRI-directed wire-localization for
surgical excision, proceeding directly to MRI-guided biopsy, or performing an MRI-
directed ultrasound, also known as second-look or targeted US. An MRI-directed
ultrasound is utilized to find a correlate for a lesion detected at MRI that was either
not seen on a breast ultrasound performed antecedent to the MRI or because ultra-
sound had not been previously performed. Identifying a sonographic correlate enables
US-guided biopsy. Compared to MRI-guided biopsy or wire-localization, US-guided
biopsy is better tolerated, less expensive, more readily available, and faster [1, 5, 6,
13]. In addition, US guided biopsy also allows greater access to lesions in certain
locations such as those located posteriorly (see Fig. 11.1), in the axillary tail, or in
women with implants that may present a biopsy challenge under MRI guidance.

11.2 Technique in Performing MRI-Directed US

Thorough and careful review of the breast MRI is essential prior to performing an
MRI-directed ultrasound. If a technologist performs the ultrasound study, it is also
important to review the MRI study with the technologist. When reviewing the breast
MRI study, utilization of 3D reconstructions can help make it easier to understand the
location of the lesion in all 3 planes (see Fig. 11.2) and its relationship to surrounding
structures [24]. The location and morphology of the MRI-detected lesion are impor-
tant information to know to determine the expected location and appearance of the
lesion at ultrasound.

Lesion location information to note includes the quadrant and o’clock position,
distance from nipple, skin, and chest wall, anatomic relationship to surrounding
tissue, and its relationship to other landmarks. It is important to keep in mind that
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Fig. 11.2 3D reconstructions can help make it easier to understand the location of the lesion in all
3 planes. (a) Axial TIW post-contrast image. (b) Sagittal TIW post-contrast image. (c)
Reconstructed coronal post-contrast image. (d) MRI-direct US from left breast. 39 year-old found
on extent of disease MRI to have an enhancing round mass with irregular margin (circle) in the left
breast at 12:00, 5-cm from the nipple. The 3 planes aided in ultrasound localization of the mass
(calipers). Biopsy demonstrated invasive ductal carcinoma

the positioning of the breast is different between MRI and ultrasound [19, 24].
Breast US is performed with the patient in the supine or supine oblique position
with the arm raised while breast MRI is performed with the patient in the prone
position. In the supine position with the arm raised, the breast tissue is flattened
and widened which makes the breast tissue, including breast lesions, appear more
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Fig. 11.3 Effects of the breast in the prone position at MRI and supine position at US and the rela-
tionship of lesion to surrounding tissue. (a) Subtracted sagittal TIW post-contrast image with
patient in prone position. (b) MRI-directed US image from left breast. Breast tissue in the prone
position appears more stretched in the anterior to posterior dimension (double arrowhead in a) while
in the supine position along with compression by the ultrasound probe, the breast tissue becomes
flattened and widened. In the supine position, the breast tissue, including breast lesions, appear more
compact (double arrowhead in b). 41-year-old woman with a strong family history of breast cancer
was found to have an oval irregular enhancing mass (circle in a) in the left breast middle depth
which at ultrasound, the mass (circle in b) appears more posteriorly located due to flattening of the
breast tissue. However, the lesion’s relationship to surrounding tissue is maintained between the two
modalities (glandular tissue indicted by arrows). Biopsy demonstrated fibroadenoma

compact. The distance between the chest wall and the glandular tissue is decreased
on US relative to MRI (see Fig. 11.3). With MRI, the breast in the prone position
is pendant with little to no compression; this results in the tissue appearing more
stretched in the anterior to posterior dimension (see Fig. 11.3). The distance
between the chest wall and the glandular tissue is increased and lesions can appear
more anterior on MRI than on US images [19, 24]. Carbonaro et al. showed lesion
displacement of about 3—6 cm along the three orthogonal directions on prone ver-
sus supine MRI [4]. The o’clock position of the lesion in ultrasound can also vary
by one or two hours compared to the MRI [17]. Since lesion displacement can vary
between ultrasound and MRI, the anatomic relationship of the lesion to surround
tissue (subcutaneous fat, glandular tissue, or retroglandular fat) (see Fig. 11.3) can
be used to help in identifying a correlate with more confidence [19]. The relation-
ship of the lesion to surrounding tissue is maintained between the two modalities.

More reliable location information to note is the distance to the skin and nipple
(see Fig. 11.4) as suggested by Carbonaro et al. [4]. The median lesion-to-skin and
lesion-to-nipple displacements were less than 1 cm and that the lesion-to-nipple
distance may be the most reliable measure to be used for MRI-directed US [4]. In
addition to using the skin and nipple as fixed markers, the relationship of the lesion
to co-existing lesions such as cysts, scars, implants, clips, known cancer (see Fig.
11.5), or known fibroadenomas may be helpful. Knowledge of co-existing lesions is
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Fig. 11.4 Nipple as a fixed landmark. (a) Subtracted TIW post-contrast image. (b) MRI-directed
US from left breast. Sixty-eight year-old with history of breast cancer found on surveillance MRI
to have an oval mass with irregular margins (arrow) in the left retroareolar breast subjacent to the
nipple (arrowhead). Using the nipple (arrowhead) as a fixed landmark, an irregular hypoechoic
mass was identified within a focally dilated duct at US. Biopsy yielded papillary lesion

also important to prevent erroneous correlation, particularly in patients with multi-
ple lesions within a similar region of the breast [19].

MRI lesion morphology with respect to shape, size and contours can also be use-
ful in finding a lesion on MRI-directed ultrasound (see Fig. 11.6). Perfect morpho-
logic agreement of lesions between the two modalities must not necessarily be
expected [10]. Lesions at US tend to look smaller than at MRI as they are compressed
in a vertical direction by the ultrasound probe. In addition, round lesions at MRI
often appear oval or elliptical at ultrasound [19].

If no sonographic correlate is identified or confident correlation is difficult,
MRI-guided biopsy must be performed on all lesions classified as BI-RADS cate-
gory 4 or 5 at MRI [5, 10, 13, 19, 25].

11.3 Evidence-Based Findings

11.3.1 Frequency of Sonographic Correlate for MRI-Detected
Lesions

Several studies have investigated the frequency at which MRI-directed ultrasound
identifies a sonographic correlate for a lesion initially detected on MRI. These studies
vary widely in rates of correlate, most likely because of heterogeneous methodologies
and study populations, and also the inherently user-dependent nature of ultrasound
[12,22]. Limitations of the studies generally included retrospective design and lack of
defined protocol establishing which lesions underwent MRI-directed ultrasound ver-
sus MRI-guided biopsy directly [5, 12, 13, 22]. In 2014 Spick and Baltzer published
a meta-analysis of 17 studies that found a pooled detection rate for sonographic
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Fig. 11.5 Known cancer as a landmark. (a) Axial T1W post-contrast image. (b) MRI-directed US
from right breast. Sixty-four-year-old woman with known right breast invasive ductal carcinoma
(arrow) found on extent of disease MRI to have an irregular enhancing mass (circle a) medial to
the known malignancy. Using the known malignancy as a landmark, a subtle sonographic correlate
(circle b) was identified. Biopsy demonstrated a second area of invasive ductal carcinoma.

correlate of 58 %, with a wide reported range of 22-82 % [22]. Analyses of lesion
characteristics have helped to understand which given MRI lesions are the most likely
to have ultrasound correlates, with most studies showing masses and malignant lesions
to be the most likely MRI-detected findings to also be seen on ultrasound.

11.3.2 Lesion Type

The three primary enhancing lesion types as defined by the BI-RADS lexicon [16],
mass, focus and non-mass enhancement, show varying rates of sonographic corre-
late. Masses have been shown by many studies to be the lesion type most likely to
have a correlate. In their meta-analysis, Spick and Baltzer found that mass lesions
were more likely than non-mass enhancement to have a correlate (p < .0001) [22].
Many single studies have also demonstrated statistical significance for MRI-detected
masses having a higher rate of sonographic correlate than non-mass enhancement.
Meissnitzer et al. found a sonographic correlate for 62 % of masses and 31 % of
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Fig. 11.6 Shape, size and contours can be useful in finding a lesion on MRI-directed ultrasound.
(a) Axial T1W post-contrast image. (b) MRI-directed US from left breast. Forty-seven year-old
woman with known malignancy was found on extent of disease MRI to have several enhancing
contiguous masses (arrow) in the left breast at 2:00, 5 cm from the nipple. At ultrasound, several
oval, circumscribed adjacent hypoechoic masses (circle) were identified similar in shape, size,
and contour to the MRI lesion. At biopsy, the masses represented the lobulated cortex of a benign
lymph node

non-mass enhancement (p < 0.001) [13]. Abe et al. found a correlate for 67 % of
MRI-detected masses and 12 % of non-mass enhancement (p < 0.005) [1]; these
authors also reported a 46 % correlate rate for foci, an intermediate rate between that
of the other two lesion types [1]. Similarly, Hollowell reported a correlate rate of
49 % for masses, 42 % for foci, and 15 % for non-mass enhancement (p = .0006) [7].
DeMartini et al. found MRI-directed ultrasound yield to be higher for masses (58 %)
than for foci (37 %) or non-mass enhancement (30 %) [5].

11.3.3 Size

Some studies have shown lesion size to affect chance of identifying an ultrasound
correlate, with larger lesions more likely to have a correlate. Meissnitzer et al. found
that for both masses and non-mass enhancement, increasing lesion size resulted in
increasing ultrasound conspicuity that was statistically significant [13]. Wiratkapun
et al. found a positive association between increasing size of MRI mass lesions and
detection of ultrasound correlate (odds ratio 1.23, p =.01) [25]. Several other authors
did not find lesion size to significantly affect frequency of detection [3, 5, 8, 10].
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Spick and Baltzer also did not find size to be a significant predictor of sonographic
correlate detection rate on meta-regression analysis, but recommended caution when
interpreting this result because of the small number of studies that specifically
reported on lesion size and lack of stratification by lesion type [22].

11.3.4 Level of Suspicion and Kinetics

Meissnitzer et al. found that BI-RADS category 5 versus 4 lesions were signifi-
cantly more likely to have a correlate, both for masses (81 % versus 59 %,
p = 0.005) and for non-mass enhancement (75 % versus 26 %, p = 0.009) [13].
However, level of suspicion was not reported upon or not found to be statisti-
cally significant in many other studies. Similarly, there is limited reported data
regarding MRI lesion enhancement kinetics and rate of correlate. Meissnitzer
et al. found no significant effect of enhancement kinetics on correlate detection
rate [13].

11.3.5 Histology

Many studies have shown malignant lesions to be statistically more likely than
benign lesions to have a sonographic correlate [1, 7, 10, 13, 21], including on
meta-analysis (p < .0001) [22]. However, investigators have shown that malig-
nancy is not excluded if a sonographic correlate is not found, with rate of sono-
graphically occult malignancy reported at 12 % in pooled estimate on
meta-analysis [22] and with a wide range on single studies, up to 53 % [1, 5, 6,
10, 13, 25]. Thus, there is consensus among numerous authors who endorse that
absence of a correlate does not obviate biopsy, such that suspicious MRI-
detected lesions without sonographic correlate should go on to MRI-guided
biopsy [5-7, 10, 12, 13, 21, 22, 25].

11.4 Potential Limitations of MRI-Directed US

With increasing availability of breast MRI, some facilities proceed directly to
MRI-guided biopsy, as there are some potential disadvantages for performing
MRI-directed US rather than proceeding directly to MRI-guided biopsy. MRI-
directed ultrasound may prolonged work-up time resulting in delay of diagnosis,
added expense of performing the ultrasound prior to MRI-guided biopsy, and
patients may experience a false sense of reassurance in the setting of a negative
ultrasound [5, 10, 12, 13, 21]. In addition, confident correlation on MRI-directed
US can be challenging and can result in inaccurate correlations. In one study it
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was reported that the follow-up imaging in 80 benign, concordant ultrasound-
guided biopsies, 10 of the sonographic lesion did not correspond to the MRI
finding [13]. Five cancers were diagnosed in 9/10 lesions that underwent MRI-
guided biopsy.

11.5 Imaging-Histopathologic Correlation

Determining concordance between imaging findings and histologic results is
important and is the responsibility of the radiologist who performed the biopsy.
Whether the histolopathologic diagnosis correlates with the imaging findings
will determine patient management with respect to recommendation for surgical
excision or short-term follow-up. In the case of MRI-directed ultrasound, imag-
ing-histopathologic correlation should be made based on the level of suspicion
with both the presumed ultrasound correlate and the lesion initially detected on
MRI.

Following ultrasound-guided biopsy, a clip should be routinely placed at the
site of biopsy with a post-procedure mammogram performed to help facilitate
assessment of concordance and for subsequent imaging follow-up (see Fig.
11.7). Breast-MRI imaging in more than one plane or reformatting MR images
into more than one plane can help assess correlation of lesion location marked by
the biopsy clip on the post-ultrasound guided biopsy mammogram and the loca-
tion of the lesion on MRI[12, 17, 19, 24]. Immediate action for the MRI-detected
lesion is often prompted by histopathologic discordance but will not typically
occur if the result is benign concordant. For benign concordant results, some
practices will wait for MRI follow-up, typically 6 months after ultrasound biopsy
which may delay management of the MRI detected lesion if the presumed ultra-
sound correlate is not the same as the MRI lesion [17, 23, 24]. To minimize delay
in patient care, a more definitive confirmation of MRI-sonographic correlation
can be obtained on the same day as the US-guided core biopsy by getting a fast
single T1 weighted gradient echo (GE) sequence without fat saturation [14, 17,
24]. The T1 weighted GE sequence (3D rapid EG, TR/TE, 8/4.6; matrix,
276 x 464; flip angle 16° voxel size, 0.8 x 0.8 x 0.8 mm) [17, 24] is sensitive to
artifacts with magnetic susceptibility and will help verify MRI-sonographic cor-
relate. The acquisition time is between 2 and 4 min. A biopsy under MRI should
be recommended if there is disagreement between the biopsy performed with
ultrasound and the MRI lesion. Depending on the practice workflow and avail-
ability of the MRI scanner, MRI-guided biopsy can be done on the same day if
the US-guided biopsy site is found not to correlate with location of MRI lesion.
It is important to keep in mind that evaluation of the biopsy site and targeted
lesion may be limited because of hematoma and other post-biopsy changes. For
any benign concordant result after ultrasound-guided biopsy of a sonographic
correlate to a lesion initially detected on MRI a 6-month follow-up MRI is rec-
ommended [23].
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Fig. 11.7 Imaging correlation after biopsy of MRI-detected lesion with sonographic guidance. (a)
Axial TIW post-contrast MIP image. (b) MRI-US from right breast at 9:30, 6-cm from the nipple.
(c) Targeted US of right breast at 10:00, 7-cm from the nipple. (d) Right CC view after US-guided
biopsy. (e) Right LM view after US-guided biopsy. (f) Axial TIW post contrast image. Forty-two-
year-old female with recent diagnosis of invasive ductal carcinoma (arrow) in the lower inner
quadrant posterior depth. At extent of disease MRI, 2 additional lesions (circle) were seen. Possible
correlates (calipers) were identified at ultrasound with biopsy and clip placement yielding fibroad-
enoma for the 9:30 6-cm from the nipple 0.6-cm mass and papillary lesion for the 10:00, 7-cm
from the nipple 0.5-cm mass. Post-US guided biopsy mammogram (CC and LM views) shows the
biopsy clips (circle) to be within expected location of the MRI lesions. This was confirmed on MRI
showing susceptibility artifacts (arrows in f) associated with lesions of interest

11.6 Conclusion

MRI-directed ultrasound is an important adjunctive tool in the evaluation of lesions
detected at MR imaging. Identification of a sonographic correlate enables US-guided
biopsy of the MRI-detected lesions which is the preferred method as it can be less
expensive, faster, easier, and more comfortable for patients than MRI-guided biopsy.
To help facilitate identifying an MRI-sonographic correlate, it is important to thor-
oughly review the breast MRI prior to performing the targeted ultrasound and
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understand the differences in breast position between the two modalities. Lesion
location, depth, and characteristics, as well as the appearance of the surrounding tis-
sue and relationship to other focal lesions that may be present, must be considered.
The likelihood of finding a correlate to an MRI lesion varies depending on lesion size
and morphology with larger lesions and masses being easier to identify at
US. Following biopsy, it is important to confirm accuracy of MRI-ultrasound corre-
lation and perform imaging-histopathologic correlation. MRI-guided biopsy needs
to be performed for any MRI-US discordant cases. Also for benign concordant
MRI-US cases, a follow-up breast MRI must be carried out 6 months after the biopsy.

Not all MRI-detected lesions will be seen at ultrasound. Absence of a sono-
graphic correlate for a MRI-detected lesion with suspicious imaging features
does not preclude the need for biopsy under MRI-guidance.
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Chapter 12
Breast Biopsy and Breast MRI Wire
Localization

Steven Allen

Abstract Breast MRI guided intervention has become an increasingly important
technique for breast radiologists largely due to increasing diagnostic breast MRI
examination volumes. Alongside this there has been improved diagnostic image
quality with a resulting number of breast lesions detected only on MRI requiring
further clarification. International guidelines now insist that institutions performing
breast MRI should provide the option of an MRI-guided intervention for further
lesional work up, whether in their own unit or at a local center that can be referred
to. This chapter covers the indications for these interventions, in particular which
lesions require biopsy and when a lesion can just be managed with imaging follow
up. Technical aspects are considered such as MRI scanner hardware and software
requirements, as well as which biopsy needles are most appropriate. Limitations
and complications are covered including “tips and tricks” that may be of use in
certain specific clinical situations. Outcomes of MRI-guided biopsies are discussed
based on current literature with a final view taken on future directions.

Keywords Breast * Biopsy ¢ Diagnostic ¢ Intervention * Magnetic resonance imag-
ing * Wire ¢ Localisation ® Vacuum ¢ Diagnosis ® Therapy

12.1 Background and Indications

Breast MRI has controversially found increasing use as a diagnostic imaging inves-
tigation over the last decade or so [1, 2]. While its sensitivity is unquestionably high
in cancer detection, this unfortunately comes at the expense of a lower specificity
[3-5]. Where additional lesions are demonstrated on MRI, the initial follow up inves-
tigation is a focused ultrasound exam but unfortunately this has variable accuracy at
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locating and characterizing the abnormality [6, 7]. There are sometimes landmarks in
the breast such as cysts or scars that will allow correlation on follow up imaging but
clearly this is not always the case. Larger lesions are reportedly easier to locate as
well as lesions characterized as BIRADs 5 [8-10]. Non mass enhancement is less
commonly delineated and overall a “MRI-directed second look™ ultrasound will
detect an area of MRI abnormality in just over half of cases (16-65 %) [9-11]. The
second look or MRI-directed US will be further discussed in chapter 11.

Where lesions are characterized by the MRI BIRADs lexicon as 3 or above, the
reported final malignancy rate is 20-62 % [10—14]. There are several MRI charac-
teristics such as lesional enhancement pattern, shape and size that may predict the
likelihood of malignancy.

Where ultrasound or indeed mammography shows a lesion, then a targeted
biopsy should be performed stereotactically or under ultrasound guidance as these
are the most accessible, fast and least expensive guidance methods. A marker clip is
then ideally left in place. A repeat MRI after a time interval (typically 6 months)
may be recommended if the imaging pathological correlation is good and the histo-
logical result is non malignant.

If no concordant abnormalities are seen in a low risk situation and enhancement
is not suspicious, then once again a follow up MRI exam could be performed at
6 months. Where ultrasound is negative, the malignancy rate falls but lesions that
are suspicious on MRI and lack a correlate on “MRI-directed second look™ ultra-
sound are malignant in 13-22 % of cases [11-17]; these should also be histologi-
cally verified via an MRI-guided biopsy. Lesions that should be considered
suspicious include BI-RADS 4 or 5 abnormalities (Fig. 12.1). BI-RADS 3 lesions
in high risk women undergoing MRI screening or those with an index primary
breast cancer (ipsilateral or contralateral) may also be indicated for biopsy. Where
there is uncertainty, and indeed wherever possible, the decision for MRI guided
biopsy is made following a multidisciplinary team discussion where all the imaging
can be considered alongside clinical and pathological factors in order that the cor-
rect recommendation can be made on a case by case basis.

Fig. 12.1 An axial fat
saturated contrast
enhanced subtraction
image showing a focal
area of non mass-like
enhancement in the outer
right breast (arrow). This
was not demonstrated
mammographically or on
ultrasound and was
considered indeterminate.
An MRI guided biopsy
was recommended
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Contraindications for breast MRI biopsy are the same as those for a diagnostic
MRI (pacemaker, other implantable devices etc.), contrast medium injections
(allergy, severe renal impairment) and biopsies (poor coagulation, allergy to local
anesthesia) [18, 19]. These contraindications may be relative and careful consulta-
tion with clinical colleagues such as cardiologists and hematologists may facilitate
the biopsy procedure depending on each individual case. Radiofrequency excisional
biopsy devices (Intact®) cannot be used because of interference with the electro-
magnetic wave.

MRI-guided biopsies should only be carried out in experienced breast centers
where these are preformed regularly [20-22]. The team must have suitable experi-
ence in performing both breast MRI and vacuum-assisted breast biopsy, although
the exact training requirements in MRI-guided vacuum-assisted biopsies varies
enormously internationally. In some countries where access to MRI is more limited,
the initial training involves only a few procedures, but 15 procedures are required
according to the European guidelines [20].

12.2 Technical Aspects

Most MRI scanners currently used in clinical practice have a field strength of either
1.5 T or 3 T. In the latter system the sensitivity of detecting the cancer is greater for
the same specificity [23], although artefacts are generally increased. Susceptibility
artifact is more than double in size at 3 T vs 1.5 T [24].

Open MRI scanners in theory provide easier access to the breast and real time
monitoring of insertion of the cannula. However, to date these scanners utilize a low
field (0.2-0.5 T), which is not of sufficient quality imaging for breast imaging [25].

The coils used for biopsy should if possible be the same as those used for diag-
nosis in order to reproduce the diagnostic scan (and hence lesion requiring biopsy)
as close as is possible. It must be possible to access the breast to take the samples,
which assumes that the coil is open. Current dual breast coils allow either exter-
nal, internal or even superior access although the lateral approach is preferred as
this is technically the most straightforward as shall be discussed (Fig. 12.2).

As an alternative to biopsy coils, perforated plate systems can be used together
with flexible ring coils placed around the breast. Perforated plate systems are some-
times advantageous for reaching findings close to the thoracic wall. Compared to
multi-channel breast biopsy coils, however, a ring coil is associated with a reduced
signal-to-noise ratio and thus inferior image quality. This is true particularly for
findings far from the coil (for example near the nipple).

Internal access is limited for deep (medial) lesions and this is technically more
challenging. However historically where the whole breast would be traversed by the
biopsy system, the contralateral breast can now be positioned on a board and the
radiologist works from beneath in a tunnel. In principle, the shortest possible access
should be selected and newer generation coils allow for medial and lateral access for
biopsy. The medial access may be more difficult due to the longer distance in
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Fig. 12.2 Animage
showing a breast biopsy
compatible MRI coil

conjunction with the reduced light and operating space beneath the patient. As a
general principal post-biopsy, a clip insertion is recommended to ensure the ability
for localization through subsequent ultrasound or mammographic guided wire
marking of the clip.

Regardless of targeting method, an opaque landmark such as a vitamin E capsule is
attached to the compression plate. The end of this is positioned in contact with the
breast and used as the landmark for the three spatial planes and to allow subsequent
targeting. This appears as a focal area of hyperintensity on the unenhanced T1 weighted
views.

The MRI scanner itself will likely have a targeting software package or this can
be obtained separately depending on the manufacturer. These are particularly useful
for posterior contrast enhancement. Computer aided detection software (CAD) pur-
chased usually as a stand alone software package can facilitate better lesion delinea-
tion particularly in relation to the subtraction imaging. The biopsy system used is
then computed with calculation of the necessary depth taking account of the materi-
als and thickness of the grid.

The principle used is that the same image is taken on four occasions: before
biopsy (target identification), after positioning a guide (checking correct position of
the biopsy system), after taking the biopsy (confirming that the biopsy cavity is
consistent with the target) and after positioning the clip (checking the correct posi-
tion of the marker).

Initial and then dynamic images are preferably taken in high- resolution T1
weighted sequences. This could be a 2D exam but is preferably a 3D echo gradient
with fat saturation [26]. It is ideally the highest possible spatial resolution at a tem-
poral resolution of 60—120 s per series, with either transverse or sagittal slice orien-
tation. The acquisition may be taken through axial sections although resolution is
often better in sagittal sections [27]. For reliable lesion imaging, subtraction series
of every contrast enhanced series should be acquired. Rapid T1 W spin echo (TSE)
images are preferable in order to reduce artifact from the needles [27].

The maximum intravenous contrast dose (0.2 ml/kg) or a half dose is injected
depending on whether or not a repeat end of procedure injection is planned. This is
performed at an injection rate of 2-3 ml/s and the contrast agent is then washed out
with a subsequent bolus injection of 20 mls of physiological saline solution (0.9 %
NaCl).
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The Mammotome® (Devicor Inc., Cincinnati, USA) was the earliest available
vacuum biopsy system and was used for MRI-assisted biopsy in the late 1990s.
However currently there are several manufacturers that now produce equipment for
MRI-guided VAB of the breast. In Europe the EnCorTM (Senorx or Enspire, Bard
GmbH, Karlsruhe, Germany) and the ATEC® (Hologic Inc., Bedford, USA) are now
widely popular and have superseded the less automated Vacora® (Bard GmbH,
Karlsruhe, Germany) system.

MRI-guided VAB was initially performed using an 11-gauge needle, but as with
mammogram guided VAB, MRI-guided vacuum-assisted biopsy have trended
toward larger needle gauges (up to 7G). These allow the collection of the same tis-
sue volume with fewer samples in a shorter examination time. There are no specific
guidelines defining the number of samples for MRI-VAB, but a European consensus
paper on the use of MRI-VAB recommends taking at least 24 11G samples or an
equivalent tissue volume if larger needle gauges are used [21]. However, the recom-
mended sample here is based on very limited evidence. The number of samples
reported in the literature ranges from 2 to 75 with a median of 12 [28-33].

Most VAB devices have a cable connection to the vacuum source located outside
the MRI examination room. Non-magnetic materials should be used in preference to
ferromagnetic materials (needles, biopsy guns, etc.) in order to minimize the chances
of an accident from magnetic attraction. As these various guns are non-magnetic
(Vacora® less than the others), they are not attracted by the magnet although interfer-
ence with their operation does occur if they come too close to the magnet.

The Vacora® is a battery-operated system and thus a true handheld system. The
disadvantage of this system is that the device has to be removed from the breast after
each sample is taken. This causes more difficulty from blood [30] and air and it is
essential to use a support for the gun in order to reduce the risk of displacing the
cannula. The vacuum aspirate is reported to be less powerful and the sampling pro-
cess slower (69 min vs 39 min). Automated coaxial systems are reported to be able
to biopsy smaller lesions (10 mm vs 19 mm) in a shorter exam time [34]. While the
automated devices mentioned also take individual samples, the biopsy system
remains in the breast during the entire intervention. The samples are then automati-
cally transported to a chamber in the handle, where they can later be removed. The
ATEC® and EnCorTM provide the advantage of the automated removal of multiple
samples in immediate succession. The ATEC® additionally provides the option of
rinsing the biopsy cavity with saline.

12.3 The Procedure

Efficiency and speed are of particular importance during this type of biopsy proce-
dure. Because of the transient nature of contrast enhancement on MRI. there is a
narrow window of time in which to perform the procedure and verify needle place-
ment. Although variable to some extent, a 15-20 min time frame is expected. The
more prolonged the procedure becomes, the more likely the contrast will wash out
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and also the more likely the patient is to move, resulting in motion artifact and
potentially leading to incorrect targeting.

Patient positioning may vary slightly depending on institutional practice. The patient
may be positioned on her side with her head turned to the opposite side and her arm
above her head. Alternatively, the patient’s head may be placed on a head rest or posi-
tional device so that the patient is looking straight down. A venous line with long con-
nection tubing is in place. The breast is wedged in the surface coil and the guiding
system is set up from the beginning. The skin marker is positioned in contact with the
skin as close as possible to the projection of the lesion if no CAD system is being used,
or further away in order to avoid obstruction of it if one is being used. Vitamin E cap-
sules are often used as fiducial markers and are taped over the expected site of the lesion.

Modest compression is used to avoid masking the enhancement [35] and to
reduce the accordion effect (decompression of the breast may cause displacement of
a clip or coil). Accessibility of the presumed site of the lesion is then checked and
positioned in the effective grid compression area (Fig. 12.3).

The patient is brought into the magnet and an initial contrast enhanced image is
taken to find the lesion and locate it against the opaque landmark (this usually
appears as a T1 weighted hyperintensity on the unenhanced image) (Fig. 12.4).
Distances are measured manually or by software in the 3 spatial planes between this
reference point (“zero”’) and the lesion.

After sterile preparation the local anesthesia is administered. In the absence of a
contraindication, this usually consists of a large volume of lidocaine with epineph-
rine (lidocaine HCL 1 % and epinephrine 1:100,000). 20-40 cm? is commonly infil-
trated in split doses, with 10-20 cm® administered before insertion of the biopsy
device, and 10-20 cm?® is administered by the device just prior to and during sam-
pling. Epinephrine may sometimes minimise parenchymal hematoma formation,
which amongst other things could potentially obscure the biopsy site. Initial
subcutaneous anesthesia, however, is ideally obtained by using a small volume of
lidocaine only with epinephrine not administered to the skin. It is of particular
importance to ensure that no air bubbles are present within the syringe at the time of
administration as even small air bubbles can cause significant artifact on the MRI.

Following the anesthetic, a skin incision is made. Depth is then adjusted by add-
ing 20 mm for Senorx®, 10 mm for Vacora®, but nothing for Mammotome®. Once
in place the metal sheath is replaced with a silicone sheath or with the position
marker. The patient is returned inside the magnet and a rapid image is then taken to
check the correct position of the introducer (Figs. 12.5, 12.6, 12.7, and 12.8).

The introducer is replaced by the cannula and then a series of samples are taken.
The number of samples depends on the size of the lesion and quality of targeting.
The ability to sample in a designated direction is a major advantage to performing
this test with a vacuum biopsy needle. Prior to sampling it may be obvious that the
lesion is slightly eccentrically site in relation to the needle tip. In this situation, the
biopsy window can be targeted towards the lesion rather than just sweeping a full
360 degree circle. Early rounds of sampling usually produce the highest yield and
the more samples that are obtained, the more likely it is that there will be hematoma
formation in the target area. The result of this is that the biopsy device becomes
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Fig. 12.3 Animage
showing a patient within
the breast biopsy coil and
demonstrating the grid
localisation system

Fig. 12.4 A pre biopsy
fat saturated contrast
enhanced sagittal image
showing the grid system
over the skin allowing
appropriate skin marking
for needle entry point

more distant from the target lesion and there are thus diminishing returns of later
and continued sampling in this scenario. For MRI guided biopsies, it is important to
remember that the clock face is relative to the grid and not to the breast or to the
patient. The aperture of the vacuum needle needs to be adjusted to reflect this. The
samples are then placed in formalin and sent to pathology. The specimens are fixed
and then sectioned and interpreted by an experienced breast histopathologist.
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Fig. 12.5 Animage
showing the needle
introducer being
assembled prior to MRI
guided biopsy

Fig. 12.6 Animage
showing a patient within
the breast biopsy coil and
demonstrating the
introducer being passed
through the grid
localisation system

S. Allen

A marker clip is routinely positioned as this may be only landmark, which could
be used to guide any subsequent surgery if required [29, 36-39]. It is ideally placed
through the cannula prior to its removal or alternatively following the check image,
through the introducer. The patient is repositioned in the tunnel for a final sequence
in order to determine whether the contrast uptake dissipated although it is often suf-
ficient to check that the biopsy area is correctly centered on the lesion (by comparing
with the pre-biopsy image) and that the clip has been deployed. This sequence is
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Fig. 12.7 A pre biopsy
fat saturated contrast
enhanced sagittal image
showing the grid system
over the skin with the
biopsy needle passing
through the image in
position for biopsy

carried out with or without contrast enhancement and may facilitate further sam-
pling or lesion retargeting (Fig. 12.9).

At the termination of the procedure, the patient is removed from the tunnel,
placed flat on her back and manual compression to the breast biopsy site is applied
followed by a compressive dressing. Monitoring following the procedure should be
as per local protocols for a vacuum biopsy and be dependent on various patient fac-
tors as well as the degree of hematoma that has formed.

Signal void from the marker clip may be indistinguishable from signal void from
air introduced during the procedure and so in order to ensure that the marker has
deployed correctly, a post biopsy mammogram is usually recommended. A cranio-
caudal and mediolateral mammogram would typically be obtained. The position of
the marker clip on the mammogram should be compared with the expected site of
the lesion based on the diagnostic MRI examination. Any marker displacement
needs to be clearly noted as a future wire localization may be required dependent on
the histopathology from the biopsy.

Multiple lesions can be attempted at a single appointment although this may be
challenging even for the most tolerant patient. As with any biopsy procedure, the
most suspicious lesion should undergo intervention first, in case the later sites are not
visualized or the patient is unable to continue. When dealing with multiple lesions in
the same breast, the most favourable scenario is if the lesions can be positioned
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Fig. 12.8 A prelocalisation
fat saturated contrast
enhanced sagittal image
demonstrates the lesion
persists (arrow) and
therefore a MRI biopsy
was performed

beneath the grid surface simultaneously so that access to both sites can be obtained
without the need to reposition. In succession, both lesions are localised, anesthetized
and then introducer stylets inserted prior to biopsies. If multiple lesions within a
single breast cannot be positioned at the same time (or indeed there are bilateral
lesions), then the more suspicious lesion is sampled first and sampling at this site
completed (including marker deployment). If washout does occur because of the
time elapsed between the gadolinium injection and biopsy at the second site, then
landmarks may be adequate to guide the procedure.

12.4 Pitfalls and Limitations

Unfortunately despite the latest MRI technical developments there is a procedural
failure rate. This rather varies in the literature as to the frequency but may be up to
25 % [40-44]. This will occur most commonly due to either non visualisation of the
target lesion or an inaccessible target area. The target may not be seen because it has
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Fig. 12.9 A mid biopsy
contrast enhanced sagittal
image showing the needle
within the target lesion
(arrow). Biopsy related
hematoma is
demonstrated as signal
dropout (black areas
around the needle)

disappeared due to excessive compression. In this situation a further image could be
performed with less breast compression. Alternatively the initial MRI may have been
performed at the wrong time of the menstrual cycle and as such the target is no longer
identifiable. This masking effect is more common in smaller sized targets (<5 mm),
and where background enhancement may also obscure the area [40, 45]. If indeed the
target demonstrates a clear decrease in size at the time of the procedure compared to
the original MRI scan then that is an indication not to perform the biopsy.

Motion artefacts can also cause false positive findings on MRI in particular on
subtraction images of the T1-weighted contrast enhanced series, where they result in
hyperintense findings that could be interpreted as lesions of increased contrast
enhancement. To avoid these false positives, the unsubtracted series should also be
evaluated [17, 28]. Overly forceful breast compression may result in reduced con-
trast enhancement. If there is suspicion of this, then a repeat MRI with less breast
compression would be recommended. Alternatively a delayed MRI sequence may
sometimes be valuable in demonstrating the target even if the early subtraction views
do not [33, 46].

Benign contrast uptake in premenopausal patients that are examined at a time
other than during the second week of their menstrual cycle may increase the false
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positivity by 17 % [12]. If a hormonal cause for the contrast enhancement in the
target lesion is suspected, an alternative approach would be to perform a follow up
MRI examination [47, 48]. The malignancy rate of lesions that are not visible on a
subsequent interventional MRI is low. A rate of 2 % has been reported relatively
recently [22]. When lesions are no longer visible at the time of the procedure, a
follow-up examination tuned to the menstrual cycle in a premenopausal woman may
be performed, ideally at a 6-month interval [49]. It is more difficult to do this in
patients undergoing MRI for local staging of a known breast carcinoma, as a delayed
scan would undoubtedly interfere with their treatment pathway.

Superficial lesions and lesions near the nipple may be in a difficult location for
biopsy. Also lesions that are far posterior in the breast near the chest wall or very
lateral in the axillary tail may be inaccessible despite the best attempts at positioning.
Placing the patient in the prone oblique position may allow access to the axillary tail
and posterior breast tissue [36]. Lesions located posteromedially may sometimes be
accessed by placing the affected breast in a contralateral coil. Minimizing padding
on the coil may also be useful to reduce elevation of posterior breast tissue in certain
situations [49].

Some breasts are too thin to accommodate the sampling aperture, even with the
use of the reverse compression paddle. An alternative approach in these patients is
an MRI guided needle localization followed by surgical excision.

The morbidity of MRI-guided vacuum-assisted biopsy is low [29, 37, 43, 50].
This is a similar rate to stereotactic procedures though higher than for ultrasound
guided biopsies [51]. The most common complication is a hematoma and although
generally minor, 10 % of procedures, however, have to be stopped because of
adverse effects [29, 37, 52]. Bleeding requiring surgery only occurs in less than 1 %
of procedures [29, 37]. Lack of significant breast compression during a sometimes
prolonged procedure makes this more likely than with an ultrasound guided biopsy.
In the largest multicenter study published to date, Perlet et al. [41] reported that
complications occurred in only 17 of 538 (3 %) MRI-VABs using an 11G needle.
Specifically, these cases involved five vasovagal reactions, one infected hematoma,
six large hematomas (>3 cm) and five cases of significant bleeding during the inter-
vention, two of which required surgical hemostasis. A more recent study involving
389 MRI-VABs using 9G and 10G needles [28] reports an even lower complication
rate of 1 % (n=4) [53].

12.5 Accuracy

Overall, MRI guided biopsy has a technical success rate of over 96 % in the larger
studies regardless of lesion size and needle size [52, 54]. The malignancy rate varies
widely (between 18 and 61 %) with a mean of 28 %, and this likely reflects patient
cohort and local MRI evaluation variations across the world. The incidence of
benign lesions exhibits a similar range of 18-70 %, with a mean of 62 %.
Concordance between imaging and histopathology is as an essential component of
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MRI-guided biopsies as it is with other image guided methods. Lee et al. found 7 %
of MRI-guided vacuum-assisted biopsy results to be discordant, and of the discor-
dant lesions that were surgically removed, malignancy was identified in 30 % [55].
This demonstrates the importance of imaging pathological correlation and implies a
small but significant number of false negative MRI-guided biopsies although seem-
ingly considerably higher than from breast biopsies on other imaging targeting meth-
ods. This elevated false negative rate on MRI biopsy likely relates to sampling not
performed under real-time direct visualization and that lesion targeting cannot be as
easily verified [56]. It may in part relate to the small size of many of the target lesions
that are seen on MRI but are occult on all other imaging modalities. Another issue is
patient cohort in that patients undergoing breast MRI and then subsequent MRI
biopsy generally have a significantly higher prior probability of malignancy.
Histology may show a specific concordant benign diagnosis such as lymph gland or
fibroadenoma and no further action may be needed. Alternatively a follow up diag-
nostic MRI could be performed at 6 months particularly where no definitive concor-
dant pathological diagnosis is obtained (for instance normal breast tissue). Lesions
that are sufficiently suspicious on the diagnostic imaging can still be recommended
for surgical excision if it is believed that there is lack of histological concordance.

Undersampling as with other image guided biopsies can occur with subsequent
cancer found at surgery. In a study of 557 MRI guided biopsies, there was an
increased upgrade rate after histological analysis of open surgical excision com-
pared to stereotaxis and ultrasound guidance. The number of false negatives was
3 %, 1 % and 0.4 VAB procedures, respectively. Benign and high-risk lesions were
also upgraded at a significantly higher rate after open surgical excision for the MRI-
guided procedure than was the case for the other modalities [51]. A further recent
retrospective review of 147 high risk lesions sampled at MRI guided 9G vacuum
biopsy showed 20.4 % (n = 30) were upgraded at subsequent surgery. The upgrade
rate was highest for atypical ductal hyperplasia, lobular carcinoma in situ, and radial
scar. No imaging features were predictive of upgrade but this was significantly
higher for women with a personal cancer history than for other indications combined
(p=0.0114) [57].

MRI guided wire localisation is very infrequently performed. The reasons for
this are simple. Lesions that are identifiable only by breast MRI will invariably have
been sampled by MRI guided biopsy and as has been discussed, a marker clip is
deployed at the termination of this procedure and subsequently checked mammo-
graphically. Thus if the patient has an unfavourable histology from the biopsy and
subsequently requires surgery, then the target can in all likelihood be localised at the
very least by stereotaxis or mammographic guidance or may be even by ultrasound
(if the clip is correctly sited and is identifiable on ultrasound). On the rare occasions
that a patient has a suspicious MRI abnormality and has a specific contraindication
to biopsy (or indeed refuses biopsy) then an MRI wire localisation may be required.
Additionally an MRI guided bracketing wire localisation of a large target may better
define the target volume in cases of extensive disease seen mainly on MRI but less
well on mammography and sonographically (commonly invasive lobular breast can-
cer in women with relatively high breast density). In a similar way to performing an
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MRI biopsy, the patient is consented, positioned and an MRI exam performed. The
lesion is localised and local anesthesia is administered. A smaller volume is required
as the needle guide for most wires are only 18—19.5G. An MRI compatible needle
and wire are then inserted through the introducer and prior to deployment of the wire
itself and removal of the needle, a check sequence is performed in order to verify
position of the wire tip [58—60]. Following this the needle guide is repositioned (or
removed if the wire tip location is optimal). The patient will then have the wire care-
fully secured and bandaged in order to prevent displacement prior to heading to
surgery. In practice this procedure may be more easy to perform than an MRI guided
biopsy and most certainly is often of shorter duration. Historically units that were
just embarking on a breast MRI biopsy service commenced by performing these in
a few cases, although nowadays breast MRI biopsy experience is far more wide-
spread that new units should be able to get adequate exposure and thus commence a
full MRI biopsy without performing localisations first. Due to the infrequent nature
of these localisation procedures there is relatively little published data on their out-
comes, although complication rates and accuracy appear similar to other modalities
[58-60].

12.6 Conclusion

Suspicious breast lesions detectable only by MRI require an MRI-guided vacuum
assisted breast biopsy. As well as clarifying that the other standard image-guided
methods do not demonstrate the target, presence of a false positive abnormality
should be excluded. A follow-up MRI typically at six months will be required in
most cases where the procedure fails to identify the target seen on the original diag-
nostic MRI. For premenopausal women the procedure as well as any follow-up
exams should optimally be scheduled during the second week of the menstrual
cycle. MRI guided biopsy is a very safe procedure with a low complication rate and
MRI guided wire localisation with subsequent surgical biopsy should be used only
in rare cases. In the future, tools such as spectroscopy, newer software developments
and higher magnetic strength fields may increase the specificity of MRI allowing
better target selection for biopsy as well as possibly the detection of post-biopsy
residual tumor. Breast MRI guided biopsy is an important skill for the breast radi-
ologist in units with a significant breast MRI workload and will allow more optimal
management of their patients.
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Chapter 13
Breast MRI and the Benign Breast Biopsy

Amy M. Fowler and Wendy B. DeMartini

Abstract This chapter, appearing in the section on MRI Findings, Interpretation,
and Management, reviews the issues relevant to benign MRI-guided biopsy results.
The discussion includes challenges in assessing radiologic-pathologic concordance
specific to MRI, approaches for discordant biopsy results, and a review of the litera-
ture on appropriate imaging follow-up recommendations for benign concordant
MRI-guided breast biopsy results. High risk lesions from MRI-guided biopsy are
addressed in a separate chapter.
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13.1 Introduction

Breast MRI utilization is increasing in clinical practice in the United States. Nearly
11.5 breast MRI examinations per 1000 women undergoing breast imaging were
reported to have occurred in 2009 [1]. Clinical indications for contrast-enhanced
breast MRI include supplemental screening for women with greater than 20 % life-
time risk of breast cancer, preoperative planning for women with newly diagnosed
breast cancer, evaluation of response to neoadjuvant chemotherapy, and occult pri-
mary tumor localization in women presenting with biopsy-proven metastatic axil-
lary lymphadenopathy [2].

Breast MRI is the most sensitive modality for breast cancer detection [3]. When
used as a supplement to mammography for high risk screening, the cancer detection
rate increases from approximately 8.2 to 26.1 per 1000 women [4]. However, breast
MRI is not a perfect test and its specificity is lower than its sensitivity due to over-
lapping imaging features of benign and malignant lesions [3]. For example, the
current American College of Radiology (ACR) Breast Imaging-Reporting and Data
System (BI-RADS®) practice benchmark for positive predictive value of biopsies
performed (PPV;) is 20-50 % for breast MRI screening programs [5]. Thus, many
biopsies will yield benign results. It is imperative that radiologists have a solid
understanding of the management of benign results, including the assessment of
adequate tissue sampling, the process for determining whether the histopathologic
result appropriately explains the imaging finding, and recommendations for follow-
up imaging. This chapter focuses on these important issues surrounding benign
MRI-guided breast biopsy results. The management of high risk lesions identified at
MRI-guided biopsy is not addressed in this chapter.

13.2 Radiologic-Pathologic Concordance for MRI-Guided
Breast Biopsies

Percutaneous biopsy is preferred over needle localization and surgical excision for
findings visualized only on MRI [6, 7]. If percutaneous biopsy results are benign
and concordant, unnecessary surgical excisional biopsy and its associated greater
cost, time, morbidity, and cosmetic changes can be avoided. For patients with
malignant results, surgical planning can be optimized reducing the total number of
surgeries required for complete breast cancer treatment. MRI-guided breast biopsy
has been shown to be a safe alternative to MRI-guided wire localization and exci-
sional biopsy with comparable diagnostic accuracy [8—11].

A critical component that is essential for robust diagnostic accuracy of MRI-
guided breast biopsy procedures is determination of radiologic-pathologic
concordance. A biopsy result is defined as concordant when the histopathology suf-
ficiently explains the imaging findings that prompted the recommendation for
biopsy (see Fig. 13.1) [12]. A discordant result is one in which the histopathology
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Fig. 13.1 Fifty-five-year-old asymptomatic woman undergoing screening breast MRI for elevated
lifetime risk of breast cancer due to family history. (a) Axial T1-weighted post-contrast images
demonstrated a 5 mm oval mass (white arrow) with circumscribed margins and heterogeneous
internal enhancement in the right breast at 5 o’clock middle depth with initial rapid and delayed
washout kinetics (BI-RADS® 4A). Targeted ultrasound showed no correlate. (b) MRI-guided
biopsy was performed of the right breast mass (white arrow) using a medial approach with ten
specimens obtained from a 9 gauge vacuum-assisted device. (¢) Axial contrast-enhanced post-
biopsy sequences demonstrated hematoma at the expected site of biopsy. Histopathology results
were benign (breast tissue with cysts, fibrosis, apocrine metaplasia, and usual ductal hyperplasia)
and concordant. (d) Six-month follow-up MRI was recommended which demonstrated suscepti-
bility artifact from the biopsy clip and no residual enhancing mass (BI-RADS® 2)

does not explain the imaging findings and most often occurs when a benign pathol-
ogy is reported for a highly suspicious imaging finding.

The purpose of determining concordance is to minimize the potential for false-
negative biopsies resulting from inadequate sampling or inaccurate targeting and to
avoid a delayed diagnosis of cancer. The frequency of inadequate tissue sampling of
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MRI lesions has been reported as 614 % [13—15]. Use of vacuum-assisted devices,
typically with 9 gauge needles, are encouraged which yield generous amounts of
tissue for thorough histopathologic examination [7]. As for other breast imaging
modalities, when a malignancy is detected within one year at the site of a benign
MRI-guided biopsy it is considered a false-negative [5]. False-negative rates for
MRI-guided breast biopsies range from 0.9 to 11.7 % [10, 13—17]. Accurate deter-
mination of a program’s false-negative biopsy rate is inherently challenging due to
the potential lack of patient follow-up at the same institution. Audit data linkage
with state or regional cancer registries can be helpful to improve the accuracy of
false-negative biopsy rate.

Information used in determination of radiologic-pathologic concordance starts at
the time of the diagnostic examination. A BI-RADS® assessment of 5 (highly sug-
gestive of malignancy) indicates that a benign biopsy result should, in most
instances, be deemed discordant. Furthermore, subcategorization of BI-RADS® 4
assessments into 4A, 4B, and 4C (low, moderate, and high suspicion for malig-
nancy, respectively) is also informative. In contrast to mammography and ultra-
sound, subcategories for BI-RADS® 4 assessments are not included for MRI in the
most current edition of the BI-RADS® Atlas [5]. However, subcategorization of
BI-RADS® 4 assessments can be particularly useful for breast MRI radiologic-
pathologic correlation because the level of concern for malignancy is more strati-
fied. For example, a lesion with a 4C assessment that yields benign biopsy results
should be reviewed with particular scrutiny. Particular benign pathologies that are
well-known to present as suspicious imaging findings, such as fat necrosis, could be
considered concordant in these instances.

Assessing the adequacy of tissue sampling at the time of biopsy also contributes
to concordance determination. Immediate post-biopsy images are obtained and
reviewed during the procedure to allow for adjustment and additional sampling if
needed. Some practices perform a second injection of contrast to revisualize the
lesion [11]. However, the presence of blood and air in the biopsy cavity frequently
limits the utility of this approach.

Adequate communication with the interpreting pathologist is another key factor
in optimizing radiologic-pathologic concordance. Inclusion of key clinical informa-
tion, indication for biopsy, imaging features of the biopsied lesion, potential differ-
ential diagnoses based on imaging, and the BI-RADS® assessment on the pathology
requisition form provides a quick and focused method for conveying this important
information. For complicated cases or those with unusual or unexpected histopatho-
logic results, the pathologist may contact the radiologist who performed the
procedure with specific questions before issuing their final report. Being available
and engaged in these conversations further improves radiologic-pathologic concor-
dance and strengthens the multi-disciplinary approach to patient care.

Once biopsy results are issued by pathology, the methods used for assessing
radiologic-pathologic concordance vary by institution and practice type. One
approach involves a dedicated multidisciplinary clinical conference. The radiologist
presents the clinical history and imaging studies performed before, during, and after
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the biopsy to demonstrate initial findings and level of suspicion for malignancy,
adequate targeting and sampling, and appropriate marker clip placement. This is
followed by presentation of the histopathologic results by the pathologist. Group
consensus is reached regarding concordance, and management recommendations
are determined. This method can foster interdepartmental professional relationships
and can be achieved in this modern electronic era through remote Picture archiving
and communication systems (PACS) and scanned histology slides through pro-
grams available on the internet and/or video-conferencing. An approach such as this
may be more amenable to implementation at teaching institutions. For settings in
which it might not be practical for a physical radiology-pathology correlation con-
ference such as high-volume clinical services, the radiologist may perform dedi-
cated review of imaging findings independently or together with other radiologists
in the group using the written pathology report.

Determining radiologic-pathologic concordance relies upon knowledge of the
acceptable histopathology for particular imaging findings. For breast MRI, most of
the research has focused on the imaging features that are predictive of malignancy.
For example, foci have been shown to have lower probabilities of malignancy com-
pared to masses or non-mass enhancement [18]. For masses on MRI, margins have
been found to be an important imaging predictor [19, 20]. However, there are rela-
tively few data regarding the MRI features that are associated with particular benign
histopathology outcomes. Biopsies of breast MRI findings have been shown to
result in a spectrum of benign, concordant histopathology results. These include
nonspecific findings such as fibrocystic change, sclerosing adenosis, fibrosis, pseu-
doangiomatous stromal hyperplasia, and normal breast parenchyma [20, 21]. More
specific benign and concordant results include fibroadenoma, papilloma, and lymph
node. In general, nonspecific results have been more frequently associated with
non-mass enhancement [20, 21], but further studies are warranted to clarify accept-
able MRI lesion and histopathology outcomes.

Once radiologic-pathologic correlation has been performed and concordance
has been determined, management recommendations are made and communi-
cated to the referring physician and the patient. Patients with malignant results are
referred to a breast surgeon and/or medical oncologist for treatment. Management
of patients with benign results that are discordant and those with benign results
that are concordant are discussed in the subsequent sections of this chapter.
Importantly, an addendum is made to the original biopsy report with the histo-
pathologic results, radiologic-pathologic concordance, and management
recommendations.

Practice guidelines regarding MRI-guided breast biopsy procedures have been
published by the American College of Radiology (ACR) and as a report from a
European interdisciplinary consensus meeting [6, 7]. The ACR states that the physi-
cian who performed the procedure “is responsible for obtaining results of the histo-
pathologic sampling to determine if the lesion has been adequately biopsied and is
concordant or discordant with the imaging findings™ [7]. The European interdisci-
plinary consensus report recommends “all available clinical and imaging information
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and VAB results be compared and discussed in an interdisciplinary conference to
achieve a consensus recommendation in each case” [6]. These reports reinforce the
importance of assessing concordance.

For several reasons, radiologic-pathologic concordance is more challenging for
MRI-guided biopsies compared to stereotactic- and ultrasound-guided biopsies.
First, there is no specimen radiograph to confirm adequate sampling due to the lack
of tissue enhancement ex vivo. Second, there is no “real-time” visualization of the
needle at the time of tissue sampling since the biopsy is performed when the patient
is outside of the magnet. Determining whether the targeted finding has been appro-
priately sampled on post-biopsy MRI sequences has limitations as lesions with wash-
out contrast kinetics become less conspicuous over time while enhancement of
normal breast parenchyma increases. Also, lesions can be obscured by hematoma and
air on post-biopsy sequences. These factors together with the higher pre-test proba-
bility of malignancy in women undergoing breast MRI support adopting a careful
approach to radiologic-pathologic concordance to avoid a delayed cancer diagnosis.

13.3 Discordant MRI-Guided Breast Biopsy Results

A discordant biopsy result is one in which the histopathology does not sufficiently
explain the imaging findings [12]. The discordance rates for MRI-guided breast
biopsies using vacuum-assisted devices range from 0 to 9 % [9, 10, 22-26]. The
rates of discordant biopsies are higher for MRI-guided biopsies compared with ste-
reotactic- or ultrasound-guided biopsies (approximately 3 %) [12, 24]. Interestingly,
discordance has not been shown to occur more often with BI-RADS® category 5
compared with category 4 lesions or to occur more often for radiologists with less
experience with MRI-guided biopsies, factors that are known to affect discordance
rates for stereotactic- and ultrasound-guided biopsies [24].

Further tissue sampling is warranted in cases of discordant MRI-guided biopsy
results (see Fig. 13.2) [6, 7]. Options include repeat MRI-guided biopsy or surgical
excision. The method used for preoperative wire localization prior to surgical exci-
sion includes mammographic-guidance if the marker clip placement is deemed
appropriate. If there is significant clip displacement and mammographic landmarks
are lacking, MRI-guided wire localization can be performed. The malignancy rate
for discordant lesions that subsequently undergo surgical excision is 30-50 % [22,
24]. Thus, appropriate recognition and management of discordant lesions is clini-
cally significant.

For discordant lesions undergoing repeat MRI-guided biopsy, radiologic-
pathologic concordance should again be determined. Similarly, review of final his-
topathologic results for cases recommended for surgical excision are informative
and recommended [6]. Important factors to note include the presence or absence of
prior biopsy site changes in the excised specimen and whether any residual lesion
exists in the specimen as well as final histopathologic size since small lesions may
be completely removed during the biopsy procedure.



13 Breast MRI and the Benign Breast Biopsy 257

Fig. 13.2 Forty-nine-year-old woman with newly diagnosed left breast cancer undergoing preop-
erative breast MRI for extent of disease evaluation. (a) Maximum intensity projection images
demonstrate the biopsy-proven malignant mass in the left breast and a 6 mm irregular mass (white
arrow) with irregular margins and homogeneous internal enhancement in the right breast at 9
o’clock anterior depth with initial rapid and delayed plateau kinetics (BI-RADS® 4B). Axial
T1-weighted post-contrast images of the right breast mass (white arrow) are shown in (b). (c)
MRI-guided biopsy was performed of the right breast mass using a lateral approach with 8 speci-
mens obtained from a 9 gauge vacuum-assisted device. Preferential sampling was performed in the
superior and lateral directions to account for patient motion noted after targeting. (d) Post-biopsy
hematoma was located in the expected site of biopsy. Histopathology results were benign breast
tissue. The anterior location of the lesion and relative lack of sufficient compression to prevent
motion were inherent technical challenges encountered since the patient was undergoing bilateral
MRI-guided breast biopsies for an additional lesion in the left breast located at middle to posterior
depth. (e) Review of post-biopsy images demonstrated a persistent enhancing mass (white arrow)
indicating insufficient tissue sampling. The benign biopsy result was deemed discordant and repeat
MRI-guided biopsy of the right breast was performed with more anterior compression.
Histopathology results were ductal carcinoma in situ, low grade, ER+PR+
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Fig. 13.2 (continued)

13.4 Management Recommendations for Patients
with Benign Concordant Biopsy Results

Due to the challenges involved in confirming adequate sampling at the time of the
MRI-guided biopsy procedure, a follow-up MRI examination is recommended for
patients with benign concordant biopsy results to identify any delayed false-negative
cases. The overall cancer yield at follow up-MRI has been reported as 0.9-2.3 %
[13, 16, 17, 20]. The recommendation for follow-up MRI also includes when biop-
sies of suspicious MRI findings are performed using ultrasound guidance of pre-
sumed correlates identified on MRI-targeted ultrasound. The rationale for this
recommendation is based on the results of Meissnitzer et al. which demonstrated
that the presumed correlate on ultrasound did not correspond to the MRI finding of
concern in 12.5 % of cases (10/80) with 5 cancers diagnosed in 9 lesions that under-
went subsequent MRI-guided biopsy [27].

Ideally, the follow-up examination should be performed at the same institution
using the same imaging acquisition protocol to best evaluate for potential interval
change. Two studies have described an increase in the largest lesion dimension by
10 % as evidence of an interval size change, but there is no standardized definition
for what constitutes clinically significant change [13, 16]. Lesions demonstrating
concerning enlargement or development of more suspicious imaging features should
undergo repeat biopsy or surgical excision (see Fig. 13.3) [16]. If the biopsied lesion
decreases in size or resolves completely on the follow-up MRI, adequate sampling
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Fig. 13.3 Seventy-four-year-old woman with a personal history of prior treated right breast cancer
and BRCA1 gene mutation undergoing asymptomatic screening breast MRI. (a) Axial T1-weighted
post-contrast images demonstrated a new 3 mm focus of enhancement (white arrow) in the right
breast at 1 o’clock posterior depth with initial rapid and delayed plateau kinetics (BI-RADS® 4A).
MRI-guided biopsy was performed and ten specimens were obtained using a 9 gauge vacuum-
assisted device. Histopathology results were benign and concordant. Six-month follow-up MRI
was recommended. (b) Axial T1-weighted post-contrast images demonstrated a 6 mm round mass
with a circumscribed margin and homogeneous enhancement (white arrow) in the right breast at 1
o’clock posterior depth with initial rapid and delayed plateau kinetics (BI-RADS® 4B).
Susceptibility artifact from the previous placed MRI-guided biopsy clip was present along the
posterior aspect of the mass. (c¢) Targeted ultrasound demonstrated an irregular hypoechoic mass
with indistinct margins which correlated with the mass seen on MRI. A biopsy clip was noted
adjacent to the mass. Histopathology results from ultrasound-guided biopsy were invasive ductal
carcinoma, grade 2, ER-PR-HER2-

is confirmed and no further surveillance is required [15, 16]. This approach is sup-
ported by data of Dratwa et al. that showed no interval change at a 12 month follow-
up MRI for 117 benign concordant lesions that had decreased or resolved at the
initial 6 month examination [20].
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There is currently no consensus on the optimal interval for the initial follow-up
MRI nor the duration of follow-up imaging. In general, initial follow-up MRI is
performed at 612 months after the index MRI [7, 28]. Several studies have been
reported that recommend 6 month follow-up for all benign concordant lesions [9,
14, 15, 23, 25, 26, 28, 29]. Others base the follow-up interval on the specificity of
the histopathologic result. For example, follow-up MRI is recommended at 6 months
and 12 months after a nonspecific benign concordant biopsy result and at 12 months
for a specific result such as a fibroadenoma, fat necrosis, or benign lymph node [11].
One study proposes that specific benign concordant diagnoses may not require fur-
ther follow-up MRI [10]. Further evidence is necessary to support guidelines for
optimal follow-up MRI interval.

For lesions that are stable on the initial follow-up MRI (see Fig. 13.4), recom-
mendations for subsequent imaging are mixed. Some recommend returning to
routine screening [9]. Given the potential uncertainty of adequate sampling during
the biopsy procedure, others recommend continued follow-up MRI in 6-12 months
[15, 16].

Studies investigating the short-term and long-term outcomes of benign concor-
dant biopsy results are increasing in number [13—17]. Li et al. reported results from
a retrospective review of 177 lesions with benign concordant MRI-guided biopsy
results. Although the follow-up recommendations varied at the discretion of the
procedure radiologist, all cases had follow-up MRI within 12 months [13]. Most of
the lesions (155/177) had decreased in size or resolved at the initial follow-up MRI
with no subsequent cancer diagnosis. Seventeen lesions were felt to warrant a sec-
ond biopsy and four were found to be cancers, for an overall cancer yield of 2.3 %
(4/177). All cancers detected were <1.0 cm in pathologic size, lymph node negative,
and occurred in women with a personal history of breast cancer. Two cancers pre-
sented as enlarging non-mass enhancement at 6 and 12 months after the initial
benign concordant biopsies. Given the potential for detection of false negatives, a
6 month follow-up interval was deemed most appropriate by this research group
[30, 31].

A recent retrospective study by Dratwa et al. reported that 1.7 % (2/119) of
benign concordant lesions displayed interval increase in size at the 6 month follow-
up MRI [20]. Both lesions underwent surgical excision and yielded malignancy.
These results also support an initial 6 month follow-up MRI recommendation.

While a 6 month follow-up MRI is a conservative method for minimizing delayed
false-negative biopsies, some disadvantages exist to this approach. New lesions
requiring further workup can occur on the follow-up MRI. While new cancers can
be discovered (3/12, 25 %) as in Li et al. [13], additional false-positive findings may
also occur. Furthermore, patient compliance is integral for the effectiveness of
short-interval follow-up imaging. Rates of compliance for 6 month follow-up MRI
are 43-63 % [16, 17, 29, 32]. Women with the indication of high-risk screening for
the initial MRI are more likely to return for follow-up imaging compared to women
having MRI for problem-solving or for extent of disease [17]. Women referred from
outside institutions are less likely to be compliant with recommended follow-up
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Fig. 13.4 Thirty-two-year-old woman undergoing asymptomatic screening breast MRI for a per-
sonal history of treated left breast cancer. (a) Maximum intensity projection images from the initial
MRI examination performed for extent of disease evaluation demonstrate the biopsy-proven
malignant mass in the left breast. The patient underwent left breast lumpectomy with oncoplastic
reduction, radiation therapy, and right breast reduction surgery. Final surgical margins were nega-
tive for carcinoma. (b) The patient’s first screening MRI was performed 10 months following
surgery and demonstrated an 8 mm area of focal non-mass enhancement (white arrow) in the left
breast at 4 0’clock posterior depth with initial rapid and delayed plateau kinetics (BI-RADS® 4B).
Diagnostic mammogram and targeted ultrasound showed no correlate. Histopathology results
from MRI-guided biopsy were benign (breast tissue with radiation changes and focal changes from
prior surgery) and concordant. (¢) Six-month follow-up MRI was recommended which demon-
strated no significant interval change (white arrow). An additional short-interval follow-up MRI
was recommended in 6 months (BI-RADS® 3)

compared to those within the same institution [32]. Potential deterrents to compli-
ance include the relatively high cost and variable insurance coverage for short-
interval follow-up breast MRI.

Two studies have been subsequently published suggesting that 6 month follow-up
MRI may not be necessary and that initial MRI follow-up at 12 months is acceptable
[16, 17]. Shaylor et al. reported results from a retrospective review of 113 benign
concordant lesions with follow-up MRI [17]. One malignancy (ductal carcinoma in
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situ) was detected 2 years after the initial benign biopsy for an overall cancer yield
of 0.9 % (1/113). Since no cancers were detected at the 6 month follow-up MRI
examination, the authors propose that annual screening MRI is a reasonable
approach.

Similarly, results from Lee et al. suggest that the initial follow-up MRI examina-
tion can be deferred to 12 months without reducing cancer detection rates [16]. This
study was a retrospective review of 85 eligible cases of benign concordant MRI-
guided biopsies with a minimal follow-up of 2 years. Most of the lesions (57/70)
had decreased in size or resolved at the initial 6 month follow-up MRI and all of
these were confirmed as benign with >2 years of imaging and clinical follow-up.
No cancers were detected at the 6-month or 12-month follow-up MRI. One malig-
nancy (invasive ductal carcinoma with a micrometastatic sentinel lymph node) was
detected after the biopsied mass enlarged at 24 months post biopsy despite being
stable on the MRI performed at 10 months. The overall cancer yield was 1.2 %
(1/85). The authors concluded that deferring the initial follow-up MRI to 12 months
after biopsy is acceptable and that follow-MRI examinations should be continued
for a minimum of 2 years to confirm benignity.

Some studies have reported no malignancies during their follow-up imaging
period, also supporting that short-interval follow-up MRI may not be necessary.
Perlet et al. reported results from a multicenter European study of 316 of 362
benign MRI-guided biopsies followed for a median of 32 months [11]. Subsequent
repeat biopsy occurred in 3 patients; however, no malignancies were detected.
Similarly, no cancers were found at follow-up MRI in 12 of 20 benign lesions fol-
lowed for a mean of 7.5 months (range 3—14 months) reported by Hauth et al. or
during the follow-up period of Bahrs et al. (mean 13 months; range 5-22 months)
[14, 15]. It is important to note that these latter two studies performed immediate
follow-up MRI 24-48 h after biopsy and resampled any lesions that appeared
unchanged and that the study reported by Perlet et al. performed a second contrast
injection at the time of biopsy and resampled any lesions remaining visible with
minimal to no change. These important technical differences limit the generaliz-
ability of the follow-up results. Recently, Rauch et al. reported no malignancies
during follow-up of 133 of 218 benign concordant lesions for a mean of 39 months
(range 6-69 months) [29]. The biopsy protocol performed by this group more
closely reflects the majority of practices in the United States which typically do not
perform a second contrast injection or immediate follow-up MRI 24-48 h after
biopsy.

Overall, a follow-up MRI in 6-12 months is typically warranted after benign
concordant MRI-guided biopsies, particularly for histopathology results that are
nonspecific [7]. In the future, imaging follow-up in this scenario may evolve to be
less intensive, as has occurred for other image-guided percutaneous biopsies [33—
36]. It is important, however, to recognize that patients undergoing MRI-guided
biopsies have a higher risk of malignancy than those undergoing stereotactic- or
ultrasound-guided biopsies. Accordingly, management recommendations should be
based on the scientific evidence available and should be specific to the patient popu-
lations undergoing MRI-guided biopsies.
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13.5 Summary

Clinical issues relevant to the care of patients undergoing MRI-guided biopsy have
been reviewed. Assessment of radiologic-pathologic concordance is critical in cases
of benign results to avoid a delayed diagnosis of cancer and can be more challeng-
ing for MRI-guided biopsies compared to other image-guided techniques.
Discordant biopsy results are typically managed with repeat biopsy or MRI-guided
wire localization and surgical excision. Evidence-based recommendations for opti-
mal follow-up of benign concordant MRI-guided breast biopsy results continue to
evolve.
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Chapter 14
BI-RADS 3 Lesions on MRI

Pascal A. Baltzer and Claudio Spick

Abstract Probably benign (BI-RADS 3) lesions on MRI are an empirically
assigned category that lack specific criteria that could be used for an objective diag-
nosis. In this chapter, we describe the probably benign BI-RADS 3 category on MRI
and report frequency and malignancy rates. The rate of malignancy in BI-RADS 3
lesions on MRI is below 2 % in the majority of studies. It is lowest in foci (0.9 %)
and highest in non-mass enhancements (4 %). Malignant BI-RADS 3 lesions diag-
nosed by immediate MR-directed ultrasound or a single MRI follow-up in
6-12 months (in case a lesion is not visible by MR-directed ultrasound or
MR-directed ultrasound was not performed) support the recommendation of these
two management approaches. Finally, in accordance with published data we discuss
imaging criteria for those breast lesions that might or might not be appropriately be
assigned BI-RADS 3 on MRL

Keywords Probably benign * BI-RADS 3 ¢ Breast MRI ¢ Breast cancer ® Magnetic
resonance imaging * Breast Imaging Reporting and Data System ¢ Breast * Breast
lesion ¢ Breast disease

14.1 Introduction

The Breast Imaging and Reporting Data System (BI-RADS) of the American
College of Radiology provides a lexicon of criteria for the description and categori-
zation of breast lesions on mammography, ultrasound, and magnetic resonance
imaging (MRI) [1].

The traditional definition of breast lesions categorized as BI-RADS 3 (probably
benign) comes from mammography: these lesions are supposed to harbor a <2 %
risk of malignancy. Consequently, immediate biopsy is not recommended and these
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lesions should undergo short-interval follow-up after 6 months, followed by
additional examinations to establish long-term (2 years or more) lesion stability [2].
This approach ensures that the low proportion of lesions that might progress to
cancer can be diagnosed early enough (short-interval follow-up) while the progno-
sis remains unaffected. Following the establishment of the BI-RADS 3 category on
mammography, a reduction of unnecessary biopsies and decrease in health care
costs has been achieved [2].

The BI-RADS 3 category on MRI has been adapted from the mammography
BI-RADS 3 category [1]. However, several differences have to be considered. First,
in contrast to the well-established criteria of BI-RADS 3 lesions on mammography
and ultrasound, similar (imaging) criteria have not been established for MRI find-
ings. Categorizing findings on breast MRI as probably benign (BI-RADS 3) has
been modified primarily from the categorization of mammographic lesions (mor-
phology, distribution, and symmetry). Nevertheless, the evaluation of breast MRI
also includes additional information such as water content from (T2 signal), extra-
cellular microstructure (Diffusion Weighted Imaging-DWI) and dynamic contrast-
enhanced (DCE) analysis.

Second, short-interval follow-up MRI is not equivalent to short-interval follow-
up mammography. Costs and interpretation times of MRI usually exceed those of
mammography. Short-interval follow-up MRI is considered probably useful, but
there are no established recommendations [1].

Third, the population undergoing MRI (e.g. for screening due to higher breast
cancer risk, or staging due to known breast cancer) is different from that undergoing
screening or diagnostic mammography [3]. Evaluation of a patient’s breast cancer
risk and history, including planned and ongoing therapeutic interventions, is highly
important when categorizing BI-RADS 3 lesions on MRI.

In this chapter, we describe the probably benign BI-RADS 3 category on MRI
and report its frequency and malignancy rate (Table 14.1) [4-20]. We also review
the published data and discuss management strategies and imaging criteria for those
breast lesion types that might appropriately be classified as BI-RADS 3 on MRI.

14.2 Literature Data and Evidence-Based Recommendations

As outlined in the previous section, the probably benign category (BI-RADS 3) in
breast MRI is based on subjective decision without standardized and established
imaging criteria. Most published studies that evaluated the frequency of a BI-RADS
3 assessment (recommendation for short-interval follow-up) on MRI report a rate
between 6 and 12 % (Table 14.1). The range of different frequency rates can be
partly explained by the study populations. Indications for MRI in these studies
showed a wide range from high-risk screening, to problem solving and breast can-
cer staging. In 17 studies published between 2000 and 2016 and comprising 2608
lesions, 51 cancers were finally diagnosed (Table 14.1). Only 24 of these 51 (47 %)
lesions were diagnosed by MRI follow-up. Eight (16 %) lesions were immediately
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Table 14.1 Frequency of BI-RADS 3 lesions on MRI and malignancy rate

BI-RADS 3 | BI-RADS

First author, Study assessment, | 3 patients, | Malignancy
year Study design population n (%) n (%) rate, n (%)
Kuhl [4], Prospective High risk 45/363 44/192 1/26 (3.8)
2000 (12.4) (22.9)
Liberman Retrospective High risk 89/367 89/367 9/89 (10.1)
[5], 2003 (24.2) (24.2)
Hartman Prospective High risk 19/75 (25) 14/41 0/14 (0.0)
[6], 2004 (34.1)
Kriege [7], | Prospective High risk 275/4169 NR/1909 3/275 (1.1)
2004 (6.6)
Sadowski Retrospective BI-RADS 0 NR 79/473 4/79 (5)
[8], 2005 mammogram (16.7)
Kuhl [9], Prospective High risk 167/1452 NR/529 NR/167
2005 (11.5)
Eby [10], Retrospective Mixed 160/809 160/678 1/160 (0.6)
2007 (20) (23.6)
Eby [11], Retrospective Mixed 260/2569 236/1735 2/362 (0.6)
2009 (10.1) (13.6)
Weinstein Prospective Known 106/969 106/969 1/143 (0.7)
[12], 2010 contralateral (10.9) (10.9)

cancer
Hauth [13], | Retrospective Mixed 44/698 44/698 1/56 (1.8)
2010 (6.3) (6.3)
Marshall Retrospective Mixed 132/NR 132/NR 2/132 (1.5)
[14], 2012
Mahoney Prospective Known 106/969 106/969 1/106 (0.9)
[15], 2012 contralateral (10.9) (10.9)

cancer
Lourenco Retrospective Mixed 348/4370 345/4370 5/348 (1.5)
[16],2014 (8.0) (7.9)
Bahrs [17], | Retrospective Mixed 182/666 117/NR 3/163 (1.8)
2014 (27.3) (17.6)
Spick [18], | Retrospective Not high risk, 108/1265 108/1265 1/108 (0.9)
2014 no history of (8.5) (8.5)

breast cancer
Grimm Retrospective Mixed 282/4279 265/3131 12/280 (4.3)
[19], 2015 (6.6) (8.4)
Guillaume Retrospective Mixed 100/820 75/820 (9) |5/100 (5)
[20], 2016 (12)

Abbreviations: NR, not reported

upgraded after MRI-directed ultrasound examinations were performed [16, 19, 20].
Other malignancies were either detected as incidental findings after prophylactic
mastectomy, interval cancers by palpation or mammography after 24 months.
Finally, information regarding time to and method of diagnosis was missing in a
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number of cases. Considering a time frame of 24 months as adequate to differentiate
new interval cancers from real lesion progression (change in follow-up), only the 24
malignant findings identified by MRI follow-up constitute the basis for doing MRI
follow-up examinations. These correspond to a 0.9 % rate of false negative BI-RADS
3 lesions on MRI. It seems to be evident from these numbers, that MRI follow-up
over 24 months in 6 months intervals may not be justified considering the low likeli-
hood of malignancy, examination costs and patient compliance. Considering these
data, we can recommend the following management of MRI BI-RADS 3 lesions:

First, immediate MR-directed ultrasound (also known as second look ultrasound
or targeted ultrasound) of the MRI-detected lesion. Despite the fact that MR-directed
ultrasound is not yet standard of care to check BI-RADS 3 findings, this approach
is justified by the substantial number of second look ultrasound upgrades of MRI
BI-RADS 3 lesions reported in the literature [16, 19, 20]. The value of MR-directed
ultrasound is corroborated by a recent meta-analysis reporting a substantial pooled
detection rate of MRI detected malignant findings of 79 % (95 % CI 71-87 %) [21].
The same publication reports a pooled detection rate of benign findings of 52 %
(95 % CI 44-60 %), suggesting that a substantial rate of benign MRI BI-RADS 3
lesions may be identified and followed up by ultrasound [21].

Second, a single MRI follow-up in 6—12 months should be performed in case the
BI-RADS 3 lesion is not visible on MRI-directed ultrasound. As the majority of
breast cancer screening programs apply 2 year screening intervals, the additional
value of a 2 year MRI follow-up does not seem to be justified considering the low
likelihood of malignancy after the aforementioned workup.

These considerations do not take into account the possibility of a misclassification
of BI-RADS 3 lesions that demonstrate the criteria for malignancy. Although data on
this topic is sparse, such misclassification has been described in up to 80 % of false
negative MRI BI-RADS 3 lesions that should have been called BI-RADS 4 [20].

BI-RADS 3 lesions that undergo follow-up MRI should be histopathologically
verified if they show any change in size or morphology. If, however, the lesion dem-
onstrates stability as compared to prior MRI examinations, a decrease in size, or
shows a resolution at any point during follow-up, the lesion should be considered
benign.

In the following sections, we will discuss imaging features for those breast lesion
types that might appropriately be assigned BI-RADS 3 on MRI.

14.2.1 Diagnostic Criteria in BI-RADS 3 Lesions

In short, there is no definite set of features that define BI-RADS 3 lesions. While the
literature reports on malignancy rates in different types (e.g. mass, non-mass, foci)
of BI-RADS 3 lesions, no definite data on diagnostic criteria defining the BI-RADS
3 category are given. BI-RADS 3 category should be assigned to lesions presenting
benign appearing imaging features in case the radiologist feels the need for further
confirmation. Presence of suspicious morphologic features that are unlikely
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associated with a benign diagnosis should always be called BI-RADS 4 and not
BI-RADS 3. Specific features will be discussed in the respective lesion type
sections.

Care should be taken in transferring conventional mammography and ultrasound
criteria directly to breast MRI. For instance, a newly diagnosed lesion showing only
benign features does not necessarily need to be followed-up. This holds true espe-
cially for mass lesions with circumscribed margins and persistent or plateau
enhancement curves. These findings are generally benign, especially when addi-
tional T2w and DWI features are considered (Fig. 14.1).

Fibroadenomata, the most common benign lesions in the breast, usually show a
circumscribed T2w correlate and high diffusivity on Apparent Diffusion Coefficient

Fig. 14.1 Incidental lesion (dashed circle) on breast MRI of a 47-year-old woman performed for
other reasons. Slow initial (a) and persistent late (b) enhancement, coded green on a parametric
enhancement map (c¢). The lesion has a hyperintense and circumscribed T2w correlate (d) and
shows high signal on the DWI image (e) and on the apparent diffusion coefficient (ADC) map (f).
The quantitative ADC value was measured as 1.8 x 10~ mm?s. This finding fulfills all the criteria
for a benign lesion and should rather be called BI-RADS 2 (benign finding) than BI-RADS 3
(probably benign finding). MR-directed ultrasound should be attempted in order to have docu-
mented the lesion for subsequent conventional screening rounds
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(ADC) maps [22]. The latter constitutes the juvenile myxoid or fluid-rich fibroade-
noma type. These lesions can even show wash-out curve types, but the combination
of high ADC and circumscribed margins excludes the only malignant lesion with
high ADC values: invasive mucinous cancer. Fibroadenomata do mature, leading to
a loss of water content and an increased hypovascularized stroma component over
time. This loss of water may even cause low ADC values that are due to the low T2-
signal rather than a real diffusion restriction. Although Schrading et al. have coined
the term of fibroadenoma-like appearing cancers in high-risk patients [23], others
have not confirmed this finding, and the authors’ conclusions are likely due to the
reading method applied at that time (alternator views on printed films, visual assess-
ment of signal intensity time curves). In our own clinical experience, we have never
encountered a cancer lacking all three MRI hallmarks of malignancy: non-
circumscribed or spiculated margins, plateau or wash-out curve types and restricted
diffusivity. Moreover, basic consideration of tumor biology implies that dangerous,
fast growing tumors may appear with circumscribed margins but their fast growth
requires strong and typical hypervascularization and restricted diffusivity due to
high cellularity. Again, the combination of circumscribed margins with low and per-
sistent contrast medium uptake excludes any malignant diagnosis: invasive cancer is
either not circumscribed or, if circumscribed, presents a highly proliferative lesion
that will always show strong contrast uptake followed by wash-out or plateau curves.

The MRI BI-RADS lexicon is characterized by the lack of a clinical decision
rule—a precise description of which diagnostic criteria constitute a specific diagno-
sis, e.g. BI-RADS 3. Although there are several classification systems in breast
MRI, such as the Gottingen score [24] or the Jena Tree [25, 26], these systems do
not provide rules to differentiate between benign and probably benign lesions.
However, they assign levels of suspicion to specific feature combinations, allowing
the user to assess whether a lesion is benign or whether the lesion is still benign but
may need further follow-up. Still, the decision to differentiate between benign and
probably benign lesions is largely a decision based on the clinical background,
including patient age, individual breast cancer risk and prior imaging findings. That
said, we can conclude the following: first, a lesion that is already known and does
not show any imaging progression over time should generally not be assigned as
BI-RADS 3 on MRI. Second, a newly diagnosed lesion should not be called
BI-RADS 3 if unambiguous benign imaging features are present. This does also
hold true for the high-risk screening situation. Here, many authors and colleagues
prefer immediate biopsy of newly diagnosed lesions. However, considering the
variety of MR imaging protocols and their sensitivity for contrast media, new or
stronger enhancing lesions may show such characteristics either due to protocol dif-
ferences or the cyclical physiologic enhancement in premenopausal women.

The clinical indication for the breast MRI should also be considered in evalua-
tion of BIRADS 3 lesions. If a patient is referred to MRI, e.g., due to an asymmetric
density in mammography without remarkable findings on ultrasound, the pretest
probability for breast cancer is very low and the indication for the examination
questionable. If an incidental lesion, that is a lesion not corresponding to the mam-
mographic asymmetry, shows only benign characteristics, the likelihood of malig-
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nancy is negligible, and the lesion should be termed benign and not probably benign.
The high sensitivity of MRI implies that many lesions detected by MRI may have
been already present but were not seen on conventional imaging.

However, lesions identified on MRI’s performed for preoperative staging in
breast cancer should be considered differently than those found on MRI’s performed
for other indications. Here, breast MRI may identify additional lesions, a substantial
number of them malignant [27]. DCIS components, in particular, may cause subtle
enhancements of non-mass character, lacking the typical features of malignancy
[22]. In this setting, a BI-RADS 3 category should be restricted to findings that
show benign features only. It is our clinical practice to perform biopsy on all enhanc-
ing lesions in cancer patients when typical feature combinations of benign lesions
(such as fibroadenoma) are lacking, if that particular lesion would potentially
change patient management. Our interdisciplinary communication in these cases
has led to a very low number of BI-RADS 3 findings in preoperative cancer staging
MRISs, as definite diagnoses are warranted in this setting. A BI-RADS 3 categoriza-
tion is of little use in the setting of newly diagnosed cancer both in ipsilateral and
contralateral breast. Short-interval follow-up for patients who will undergo breast
cancer treatment is of little clinical use. If a lesion resolves during short-interval
follow-up on a breast cancer patient receiving therapy (e.g. chemotherapy, hor-
monal therapy), it will remain unclear whether this lesion represented successfully
treated breast cancer or suppressed benign proliferative activity.

14.2.2 BI-RADS 3 Masses on MRI

The literature reports 10 out of 564 masses classified as BI-RADS 3 with a final
diagnosis of malignancy (1.8 %) [5, 11-13, 16—19]. These studies did not perform
dedicated comparisons of feature combinations in benign and malignant lesions,
thus, an evidence based recommendation on which specific criteria in masses should
lead to a BI-RADS 3 categorization cannot be given. As discussed above, a mass
lesion presenting with benign imaging criteria should not be called BI-RADS 3 but
rather BI-RADS 2. A mass is a three-dimensional lesion that occupies a space within
the breast. A mass should be evaluated by its shape, its margins and its internal char-
acteristics (T1-weighted and T2-weighted characteristics and kinetic behavior, ADC
if available). Further evaluations for a mass seen on MRI include a comparison to
other breast imaging methods, previous MRIs, clinical history and breast cancer
risk. Prior investigations have shown that masses with irregular shapes and those
with irregular or spiculated borders have the highest likelihood of malignancy [15,
28-30]. This has also been supported by a study that revealed that the single most
predictive imaging feature for malignancy was the margin [31]. Therefore, masses
with irregular shape or irregular margins should not be assessed as probably benign.
The arguably most important diagnostic criteria in mass lesions are margins,
enhancement curve type, T2-weighted correlate and ADC values. Circumscribed
margins, slow and persistent enhancement and high ADC values practically exclude
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cancer in mass lesions. Low ADC values and wash-out curves may be seen in benign
fibroadenoma lesions; however, these findings do not present simultaneously in an
individual fibroadenoma. A juvenile fibroadenoma is usually highly vascularized
and demonstrates a high water content, thus presenting with wash-out and high ADC
values whereas a fibroadenoma in an elderly woman presents with slow and persis-
tent enhancement and mixed high, intermediate or even low ADC values. Non-
circumscribed margins and rim enhancement are atypical in benign mass lesions and
should not be assessed as BI-RADS 3 but rather categorized BI-RADS 4 [22, 24-26,
28, 29, 31]. An example of a BI-RADS 3 mass lesion is given in Fig. 14.2.

14.2.3 BI-RADS 3 Foci on MRI

Foci classified BI-RADS 3 have the lowest probability of malignancy in all
BI-RADS 3 lesions. The literature lists 5 malignant foci out of 518 BI-RADS 3 foci
(0.9 %) [11, 12, 16, 17, 19]. Similar to reports on BI-RADS 3 masses, no dedicated
feature combinations that should lead to a BI-RADS 3 categorization in foci can be
extracted from the literature. A focus (foci) is an enhancing area of less than 5 mm
in diameter and is not space-occupying like a mass. Although, foci are traditionally
considered to be too small to allow evaluation of margins or internal enhancement,
the possibility of applying morphologic and dynamic features in foci for diagnostic
purposes has been demonstrated [32].

Foci have been described as comprising up to 48 % of MRI BI-RADS 3 lesions
[11, 17]. On the other hand, the likelihood for malignancy in foci is rather low as
they are regularly part of normal background parenchymal enhancement. In a histo-
logically verified series, suspicious foci detected on MRI had a 3 % (1/37) fre-
quency of malignancy [33]. One study evaluating foci on follow-up reported that a
single BI-RADS 3 focus (1.5 %, 1/67) with 4 mm (on baseline examination)
increased to 7 mm on follow-up MRI and biopsy revealed a DCIS [17]. Similarly,
another study identified a single focus (0.6 %, 1/168) with wash-out kinetics increas-
ing in size on follow-up MRI. Again MRI-guided biopsy revealed a DCIS [11].

A high malignancy rate of 21 % (14/68) was seen in a series of suspicious small
masses (<5 mm) [34]. All lesions remained undetected by MRI-directed ultrasound,

»
'

Fig. 14.2 Example of a BI-RADS 3 mass lesion in a 43-year-old woman. Initial examination
appears on the left side (denoted by 1), final follow-up examination after 24 months on the right
side (denoted by 2). The lesion initially [1] presented with non-circumscribed margins, and was
rather homogeneous with slow initial (a) and persistent delayed (b) enhancement. A non-
circumscribed dark T2w correlate (c) disturbs the benign impression, while the ADC map (d)
showed high ADC values of 1.6 x 10> mm?s. Due to the ambiguous, but predominantly benign
findings, a BI-RADS 3 rating was assigned. Follow-up examination [2] gave a stable impression;
however, lesion contrast was higher due to a modernized protocol, revealing heterogeneous inter-
nal enhancement. The lowest ADC value inside the lesion was 1.4 x 10~ mm?s, and the lesion was
subsequently downgraded to BI-RADS 2. Due to cosmetic reasons, the patient underwent plastic
surgery of both breasts and the lesion was removed after wire localization. Histopathology revealed
a fibroadenoma with regressive changes



14 BI-RADS 3 Lesions on MRI




276 P.A. Baltzer and C. Spick

appeared to be suspicious (BI-RADS 4 equivalent) and thus underwent MR-guided
biopsy. A final diagnosis of malignancy was associated with recently diagnosed breast
cancer and in this case, malignant foci were usually found in the same quadrant [34].

Data suggest that the absence of a high T2 signal and increased size are the most
predictive features for malignancy [32, 35]. Importantly, foci presenting with per-
sistent enhancement kinetics are usually benign and might be safely classified as
BI-RADS 2 [11, 32, 36]. Finally, the distribution of foci is essential: multiple dif-
fuse bilateral foci should not be considered probably benign but rather benign
(BI-RADS 2), as they represent a variation of normal background parenchymal
enhancement [1]. Such findings are regularly seen in perimenopausal women. A
focus with wash-out harbors a significant risk of malignancy and should thus be
categorized BI-RADS 4 instead of BI-RADS 3 [32, 34]. An example of a BI-RADS
3 focus is given in Fig. 14.3.

14.2.4 BI-RADS 3 Non Mass Enhancement on MRI

As opposed to mass lesions, non-mass enhancement (NME) or non-mass lesions are
not space-occupying. NME categorized BI-RADS 3 have the highest probability of
malignancy in all BI-RADS 3 lesions. The literature reports on 19 out of 467
BI-RADS 3 NME that were finally malignant (4 %) [5, 11-13, 16-19]. Again, no
dedicated feature combinations that should lead to a BI-RADS 3 categorization in
NME can be extracted from the literature. NME lesions are evaluated by their dis-
tribution, enhancement pattern and enhancement kinetics. Diagnostic BI-RADS cri-
teria in non-mass lesions are limited [28, 29]. However, studies have demonstrated
that linear and segmental NME have been most predictive for malignancy [15, 37].

Data on BI-RADS 3 NME on MRI are limited. One study reported that BI-RADS
3 may be assigned if the NME is either focal or regional in distribution and homo-
geneous enhancement and benign enhancment kinetics (persistent type I or plateau
type II curves) [18]. Regional, multiple regions, and diffuse distribution patterns
have demonstrated the lowest frequency of malignancy [15]. Another study revealed
that eight (8.4 %, 8/95) BI-RADS 3 NME were malignant. All of these NME were
heterogeneous or clumped or showed wash-out kinetics [19]. Thus, BI-RADS 3
NME on MRI may be appropriately assigned for focal/regional homogeneous or
slightly heterogeneous NME that does not show any suspicious features on baseline
MRI (Fig. 14.4). Especially the presence of clumped and segmental or linear
enhancement in non-mass lesions should be a reason to categorize these lesions as
BI-RADS 4 [19, 22, 37].
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Fig. 14.3 BI-RADS 3 focus in a 41-year-old patient. On the baseline scan (left hand, 1), the focus
demonstrated an intermediate initial (a) enhancement followed by washout (b). T2w (c) showed a
hyperintense correlate with circumscribed margins. The follow-up examination after 12 months
(right hand, 2) did not show any change in morphology and kinetics. Note the modernized dynamic
enhanced protocol, allowing a better depiction of lesion characteristics
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Fig. 14.4 Example of a BI-RADS 3 non-mass lesion (dashed circle): a 44-year-old woman who
presented with an incidental regional heterogeneous non-mass enhancement with intermediate
initial enhancement (a,) and a persistent signal increase in the delayed phase (b,). Non-specific
dark T2w correlate with small cysts (¢,); ADC map correlate resembles normal breast parenchyma
(d1). Follow-up examination after 6 months (right side, 2) reveals no residual enhancement

14.2.5 Variations of Background Parenchymal Enhancement

The MRI BI-RADS lexicon term “background parenchymal enhancement” (BPE)
is a generalized term for all physiologic enhancements in the breast [1]. Such
enhancements comprise regional as well as focal enhancements if they are bilateral



14 BI-RADS 3 Lesions on MRI 279

and symmetric. In clinical practice, symmetry is not perfect: breasts show slight
differences in size, as well as the amount of fibroglandular tissue, cysts, and
BPE. Asymmetric focal or patchy BPE often correspond to an ipsilaterally increased
amount of cysts and should thus easily be identified. In addition to individual side
differences, asymmetric background enhancement can be caused by prior invasive
procedures (vacuum-assisted biopsy, open surgery), inflammations and post-
radiotherapeutic changes. Radiotherapy has a varying effect immediately after radi-
ation dose delivery but does finally lead to a complete loss of any BPE on the treated
side, possibly aggravating a BPE consisting of multiple foci on the contralateral
side. If the BPE is clearly asymmetric, and not associated with features of malig-
nancy or pathological findings on conventional imaging, this finding may be called
BI-RADS 3 and MRI follow-up may appropriately be initiated.

14.3 Summary/Conclusion

Probably benign (BI-RADS 3) lesions on MRI are an empirically assigned category
that lack specific criteria that could be used for an objective diagnosis. That said,
rates of BI-RADS 3 ratings will shift towards BI-RADS 2 with reader experience.
The rate of malignancy in BI-RADS 3 lesions is below 2 % in the majority of stud-
ies. Malignant BI-RADS 3 lesions may be diagnosed by immediate MR-directed
ultrasound or a single MRI follow-up in six to 12 months (if a lesion is not visible
by MR-directed ultrasound or MR-directed ultrasound was not performed), sup-
porting the recommendation of these two management approaches.
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Chapter 15

Multiparametric Imaging: Cutting-Edge
Sequences and Techniques Including
Diffusion-Weighted Imaging, Magnetic
Resonance Spectroscopy, and PET/CT
or PET/MRI

Maria Adele Marino and Katja Pinker-Domenig

Abstract Magnetic resonance imaging (MRI) of the breast is an indispensible tool
in breast imaging, with several indications. Dynamic contrast-enhanced MRI (DCE-
MRI) provides mainly morphological, and, to some extent, functional information
about perfusion and vascularity, resulting in excellent sensitivity and good specific-
ity for breast cancer diagnosis. Multiparametric imaging of the breast aims to quan-
tify and visualize biological, physiological, and pathological processes at the
cellular and molecular levels. Multiparametric imaging of the breast can be per-
formed at different field-strengths (1.5-7 T) and comprises established and emerg-
ing MRI parameters, such as diffusion-weighted imaging (DWI), MR spectroscopy
(MRS), sodium imaging (*Na MRI), chemical exchange saturation transfer (CEST)
imaging, blood oxygen level-dependent (BOLD) MRI, nuclear imaging, such as
positron emission tomography (PET) with different radiotracers, and combinations
of techniques (e.g., PET/CT and PET/MRI).

Several functional parameters with MRI and PET have also been assessed for
imaging of breast tumors, and their combined application is defined as multipara-
metric imaging. Available data suggest that multiparametric imaging using different
functional MRI and PET parameters can provide detailed information about the
hallmarks of cancer and may provide additional specificity.
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This chapter aims to provide a comprehensive overview of the current possibili-
ties and emerging techniques in multiparametric imaging of the breast with cutting-
edge sequences and techniques.

Keywords Dynamic contrast-enhanced MRI (DCE-MRI) e Diffusion-weighted
imaging (DWI) ¢« MR spectroscopy (MRS) ¢ Positron emission tomography/com-
puted tomography (PET/CT) ¢ Sodium imaging ¢ Phosphorus spectroscopy ©
Chemical exchange saturation transfer (CEST) imaging ¢ Blood oxygen level—
dependent (BOLD) MRI ¢ PET/MRI ¢ Multiparametric imaging

15.1 Introduction

Breast cancer is the most common cancer in women and the leading cause of female
cancer-deaths [1]. Magnetic resonance imaging (MRI) of the breast is an estab-
lished non-invasive breast imaging modality with several indications, such as pre-
operative staging, the monitoring and assessment of treatment response, the
differentiation of scar vs. recurrence, the evaluation of breast implants, the screen-
ing of high-risk women, and the assessment of patients with cancers of unknown
primary (CUP) syndrome. MRI is also a reliable problem-solving tool to accurately
exclude malignancy [2—6]. Dynamic contrast-enhanced MRI (DCE-MRI) is the
backbone of any given MRI protocol. DCE-MRI provides mainly morphological,
and, to some extent, functional information about perfusion and vascularity, result-
ing in an excellent sensitivity and good specificity [7-9]. Recently, several func-
tional and metabolic MRI and PET parameters have been assessed for the imaging
of breast tumors. The combined application of these techniques is defined as multi-
parametric imaging. Available data suggest that multiparametric imaging using dif-
ferent functional MRI and PET parameters can provide detailed information about
the hallmarks of cancer [10], including neo-angiogenesis, cellularity, tumor micro-
environment, metabolite concentration, receptor status, tissue pH, and oxygenation,
which cannot be obtained with DCE-MRI only, and thus may provide additional
specificity [10-13]. In addition to depicting tumor morphology, multiparametric
imaging of the breast aims to quantify and visualize biological, physiological, and
pathological processes at the cellular and molecular levels to further elucidate the
development and progression of breast cancer and the response to treatment. To
date, multiparametric imaging of the breast comprises MRI and nuclear imaging
parameters as well as hybrid imaging techniques. This chapter aims to review the
current and emerging functional parameters for cutting-edge multiparametric imag-
ing of breast tumors with MRI and nuclear imaging.

We will explore the MRI parameters of DCE-MRI, diffusion-weighted imaging
(DWI), and proton magnetic resonance spectroscopy ('"H-MRS) at 3 T as well as
ultra-high field MRI at 7 T. The potential of multiparametric MRI, using cutting-
edge sequences and techniques to improve diagnostic accuracy, will be reviewed. In
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addition, we will discuss emerging MRI parameters, such as sodium imaging
(¥*Na-MRI), phosphorus MRS (*'P MRSI), chemical exchange saturation transfer
(CEST) imaging, blood oxygen level-dependent (BOLD), and hyperpolarized
MRI. We will further discuss the potential for molecular imaging of breast tumors
with nuclear imaging methods, such as breast-specific gamma imaging (BSGI),
positron emission tomography (PET)/ computed tomography (CT), PET-
mammography (PEM), and PET-MRI. Finally, we will review the use of specific
tracers for precision medicine in breast cancer imaging.

15.2 MRI of the Breast

DCE-MRI is an indispensible tool in breast imaging with several indications [2-5].
DCE-MRI is able to depict an increased vascular density, microvascular hyper-
permeability, and increased interstitial fluid [14—17], resulting in a characteristic
enhancement pattern after the intravenous application of gadolinium chelates. The
contrast enhancement of tumors is closely related to their microscopic vascular
architecture and thus, DCE-MR is able to depict neo-angiogenesis as a tumor-
specific feature [18]. DCE-MRI is the most sensitive method for the detection of
breast cancer, with a negative predictive value ranging between 89 and 99 %, but
reported variable specificities ranging from 47 to 97 % [3, 16, 19-22]. Several
attempts have been made to increase both the sensitivity and specificity of DCE-
MRI using higher field-strengths and parallel imaging strategies. Recently, other
functional and metabolic imaging techniques, such as diffusion-weighted imaging
(DWI) and proton MR spectroscopy ('"H-MRS), have been introduced to provide
complementary information about the cellularity, the metabolism, and the microen-
vironment of tumors. Available data indicate that the additional use of these func-
tional MRI parameters, in combination with DCE-MRI, increases specificity in
breast cancer diagnosis [23, 24]. The combination of DCE-MRI and other func-
tional MRI parameters is defined as multiparametric MRI.

15.2.1 Quantitative DCE-MRI

A hallmark of cancer development and metastatic potential is tumor angiogenesis,
i.e., the development of a dedicated vasculature with abnormal vessel permeability
that supports the high metabolic demand for oxygen and nutrients, especially in
aggressive tumors [19, 20, 25]. Specific peptide hormones released by cancer cells
promote tumor angiogenesis as soon as they exceed 2 mm [25, 26]. DCE-MR is able
to depict and characterize this abnormal vasculature and permeability as a tumor-
specific feature [18] through the assessment of breast kinetic enhancement features
[10]. Most commonly, kinetic enhancement analysis of breast tumors is performed
semi-quantitatively using a modest temporal resolution with at least two to three
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post-contrast T1-weighted acquisitions and with k-space centered at approximately
90-120 s after contrast injection for the first post-contrast images [10]. Using the
data obtained at these time-points, time signal intensity curves for a region of inter-
est in a given lesion can be calculated. Kinetic characteristics of lesions are catego-
rized by the steepness of the signal intensity increase in the early phase, after the
administration of contrast material (initial phase, within approximately 2 min of
contrast injection) and by the behavior of signal intensity in the intermediate and
late post-contrast periods (delayed phase, after 2 min or after peak enhancement).
To account for differences in baseline tissue T1 relaxation times, the percentage of
enhancement in the initial phase, classified as slow, medium, or fast, is calculated as
signal intensity increase relative to baseline values (S, is baseline signal intensity
and Sl is signal intensity following contrast agent injection at different time
points) [27-29]. The delayed phase refers to the signal intensity changes that occur
immediately after the early signal intensity increase and can be further described as
persistent, plateau, or wash-out [19]. The rate of contrast agent uptake and washout
depends on several factors, such as perfusion, capillary permeability, blood volume,
contrast media distribution volume, and other aspects of local anatomy and physiol-
ogy. Malignant breast tumors are usually characterized by a dense, highly perme-
able vasculature, a relatively rapid blood flow, and a high degree of
micro-heterogeneity. After contrast agent injection, malignant breast tumors tend to
enhance more rapidly and intensely than normal tissue or benign lesions. Therefore,
malignant lesions often present with “wash-out curves” and benign lesions with
“persistent curves” [27, 30]. Plateau curves (type II) are seen in both malignant and
benign lesions. Considerable overlap of semi-quantitative kinetic curve types among
benign and malignant lesions is often the cause of pitfalls or a challenging diagnosis
[27, 30-34].

High-resolution MRI techniques enable a quantitative evaluation of contrast
enhancement kinetics through pharmacokinetic modeling. Pharmacokinetic models
quantify the contrast agent exchange between the intravascular and the interstitial
space, providing measures of tumor blood flow, microvasculature, and capillary per-
meability. The Tofts Two-Compartment model [35, 36] is the most commonly used
approach and measures the exchange between the breast tissue plasma and the
plasma space. Contrast agent concentrations for each compartment vary with time
after bolus injection and quantitative metrics can be measured with this model using
the following relationship: K" (min~') is the volume transfer constant and reflects
the rate of transfer of contrast agent from the plasma to the tissue. K., (min™') is the
transfer rate constant and reflects the reflux of contrast agent from the extravascular
extracellular space to the plasma compartment. V., represents the leakage of frac-
tional volume from the extravascular extracellular space into the plasma
compartment.

Several studies have shown that pharmacokinetic parameters such as K, and ke,
have the potential to improve discrimination of benign from malignant breast tumors
and even can be used to differentiate breast cancer subtypes.

Huang et al. [37] investigated pharmacokinetic parameters in suspicious lesions
on standard clinical breast MRI. The authors demonstrated that a potential cutoff
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could be used such that, in lesions with lower K,,,s values, biopsy could be obvi-
ated, and thus, false-positive MR examinations could be decreased. Li et al. [38]
assessed morphological and quantitative DCE-MRI for breast cancer diagnosis
and found that K" and k., values were significantly higher in invasive ductal
carcinoma and DCIS than in borderline and benign lesions or healthy breast
tissue.

Another promising application for quantitative DCE MRI is the assessment of
the response to neoadjuvant chemotherapy (NAC) in breast cancer patients. It has
been demonstrated that MRI is superior to clinical assessment and conventional
imaging in measuring response to treatment and in predicting pathologic complete
response (pCR) [39]. MRI has the unique ability to provide a volumetric evaluation
of tumor size as well as a quantitative assessment of enhancement that is reflective
of the intra-tumoral microvascularization. In a recent meta-analysis, Marinovich
et al. [40] showed that the measurement of alterations in tumor perfusion in response
to preoperative therapy, using K", is a powerful predictor of response to NAC and
outperforms standard tumor size measurements.

Nevertheless, quantitative DCE-MRI with pharmacokinetic modeling remains
challenging. To derive quantitative parameters, knowledge of the pre-contrast T1
relaxation times of the tumor or tissue and the arterial input function (AIF, i.e., the
concentration of contrast agent as it changes over time within the arterial blood) is
necessary. The measurement of both parameters comes with unique challenges
and introduces the potential for error. Pre-contrast T1 mapping requires either the
acquisition of an additional series with varying flip angles or an inversion recovery
sequence, which adds to examination times. In addition, flip-angle approaches are
prone to inaccuracies due to B1 inhomogeneity especially at high field strengths
[10, 19, 41]. Most models require that the AIF be measured directly for each sub-
ject, which can be challenging to perform and usually requires acquisition trade-
offs in either coverage and/or spatial resolution to achieve the very high temporal
resolution necessary to accurately sample the rapidly changing AIF. AIF readings
can also be sensitive to patient motion between dynamic acquisitions [37, 42]. The
most common approach to circumvent individual calculations of AIF is the use of
an average AlF, i.e., the shutter-speed approach, calculated from a larger popula-
tion for whom the injection site, dose, and rate were kept constant. Another alter-
native method was proposed by Yankeelov et al., who estimated the AIF using a
reference region model and found that this approach correlated well with direct
AIF measurement [43]. Novel high spatial and temporal DCE-MRI potentially can
provide high temporal resolution sampling of contrast enhancement curves with-
out the undesirable tradeoffs in spatial resolution and coverage, and therefore,
might improve the feasibility of quantitative DCE-MRI in clinical breast imaging
[21, 44, 45].

In contrast to semi-quantitative enhancement curve assessment, pharmacokinetic
modeling should have the advantage of providing objective quantitative measures of
the underlying physiology that are not affected by differences in scan parameters.
However, due to different modeling algorithms, several challenges and various
potential solutions, there are significant differences in quantitative measurements,



288 M.A. Marino and K. Pinker-Domenig

and thus, the results of individual studies cannot be readily generalized and further
data derived with standardized techniques are warranted to fully explore the true
potential of quantitative DCE-MRI [46].

15.2.2 High-Resolution High-Field and Ultra-High-Field
DCE-MRI

Both lesion morphology and enhancement kinetics are necessary for the optimal
diagnosis of breast lesions [8, 16, 19, 20, 22, 47, 48]. Several studies by Kuhl et al.
[22] and Goto et al. [49] imply that a high spatial resolution improves diagnostic
confidence and accuracy with MRI. High-spatial-resolution images must be
acquired within a short time span to enable the optimal contrast-enhancement in the
arterial phase between the enhancing lesions and the adjacent breast parenchyma. In
addition, a high temporal resolution is pivotal for the accurate assessment of lesion
enhancement kinetics, as it adds important information for the differentiation
between malignant and benign lesions [8, 49, 50]. Due to reasons related to the
signal-to-noise ratio (SNR), the maximum achievable spatial resolution at 1.5 T is
limited [22, 51]. Methods to overcome these limitations include the application of
parallel imaging techniques and the utilization of higher field-strengths (>3 T), thus
resolving the ‘temporal versus spatial dilemma’ faced by breast MRI protocols at
1.5 T. Several studies have demonstrated increased sensitivity and specificity in
breastimaging at3 T[21,52, 53], and breast MRI has steadily moved to 3 T. Recently,
ultra-high-field MR scanners operating at a field-strength of 7 T have become avail-
able. Ultra-high-field MRI at 7 T offers a significantly increased intrinsic SNR [9],
which can be translated into even higher temporal and spatial resolution imaging
[54, 55] or functional and metabolic imaging [55, 56]. Initial studies investigating
unilateral DCE-MRI of the breast at 7 T, in healthy volunteers and a few patients,
have demonstrated the feasibility of this technique and encouraged the implementa-
tion of further advanced bilateral coil concepts to fully explore the diagnostic poten-
tial of DCE-MRI at 7 T [54, 55, 57, 58]. In the first clinical study, Pinker et al.
evaluated the application of bilateral DCE MR at 7 T [24] in patients with breast
tumors. DCE-MRI at 7 T had a sensitivity of 100 % and a specificity of 90 %, result-
ing in a diagnostic accuracy of 96.6 %. Overall image quality was excellent in the
majority of cases and artifacts did not hamper examinations. The authors concluded
that bilateral, high-resolution DCE-MRI of the breast at 7 T is clinically applicable
and enables a breast cancer diagnosis with a high diagnostic accuracy and excellent
inter-rater agreement and image quality (Fig. 15.1). Gruber et al. [9] compared the
image quality, contrast enhancement behavior, and diagnostic value of bilateral high
spatial and temporal resolution DCE-MRI at 7 T with 3 T in the same patient group.
They found that 7 T DCE-MRI provides simultaneous high temporal and spatial
resolution that is significantly improved compared with lower field strengths, result-
ing in a sensitivity of 100 % and a specificity of 91.67 % for breast cancer
diagnosis.
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Fig. 15.1 7 T DCE. Invasive ductal carcinoma G2 in a 50-year-old woman at 1 o’clock in the
right breast. (a) At DCE MRI of the breast at 7 T the irregular-shaped mass with spiculated mar-
gins (white arrow) demonstrates heterogeneous initial strong enhancement followed by a plateau
(b), and was classified as BI-RADS© 5 (highly suggestive of malignancy)

15.2.3 Diffusion-Weighted Imaging

DWI is a non-contrast MRI parameter, which measures the random movement of
water molecules, i.e., Brownian movement, and depicts the diffusivity of the exam-
ined tissues. DWI provides a strong surrogate marker for tissue microstructure,
membrane integrity, and cell density, and can be quantified by calculating the appar-
ent diffusion coefficient (ADC) [59]. Changes in tissue water diffusion properties
can be helpful for the detection and characterization of pathological processes in
any part of the body [59, 60]. New developments in imaging techniques (e.g., paral-
lel imaging) and hardware (stronger gradient systems and multi-channel coils) have
overcome previous limitations (susceptibility and respiratory motion artifacts) and
DWI has been implemented in oncologic imaging in multiple organs. In general,
malignant tissue tends to have more restricted diffusion and lower ADC values com-
pared to normal tissue due to the high cellular density and abundance of intra- and
intercellular membranes [61].

DWI for breast cancer diagnosis has been evaluated with encouraging results by
numerous studies using different ADC thresholds and b-values [62-64]. Bogner
et al. compared the diagnostic quality of DWI schemes with respect to ADC
accuracy, ADC precision, and DWI contrast-to-noise ratio (CNR) for different types
of lesions and breast tissue at 3 T [65]. They concluded that optimal ADC determi-
nation and DWI quality at 3 T was found with a combined b-value protocol of 50
and 850 s/mm?, yielding a diagnostic accuracy of 96 % (Fig. 15.2). In a recent meta-
analysis including 26 studies, Dorrius et al. [66] confirmed that ADC values of
breast lesions are strongly influenced by the choice of b values. For the most accu-
rate differentiation of benign and malignant lesions, the combination of b = 0 and
1000 s/mm? was recommended. Nevertheless, there is a consensus that, in general,
breast cancer has lower ADC values compared to healthy breast tissue [43, 62, 67],
that the specificity of DWI (75-84 %) is higher than DCE-MRI (67-72 %), and that
DWI is a promising imaging biomarker that provides additional functional informa-
tion to DCE-MRI [68]. DWI also can be easily integrated into a standard MR imag-
ing protocol [11, 13, 69].
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Fig. 15.2 Invasive ductal carcinoma (IDC) medially in the left breast in a 45-year-old woman. (a)
The irregular shaped and marginated mass lesion demonstrates (b) an initial strong heterogeneous
contrast enhancement followed by a wash-out, and had decreased (¢) ADC values
(0.889 x 10* mm?/s). DCE-MRI and DWI at 3 T were concordant and both classified the mass
lesion as malignant

Several authors recommended cut-off thresholds to discriminate benign and
malignant lesions [65, 69-73]. A very low ADC value (<1.25 x 107> mm?/s) is spe-
cific for malignancy, whereas high ADC values (>1.4 x 107> mm?s) are indicative
of benignity. Intermediate ADC values are rather unspecific. In a recent study, Spick
et al. [74] applied hierarchized ADC thresholds to suspicious breast lesions only
visible on DCE MR, and concluded that up to 35 % of MR-guided biopsies could
have been omitted when using a high ADC threshold of >1.4 x 10~ mm?/s.

In addition to the differentiation of benign and malignant breast tumors, DWI
can potentially be used as a non-invasive biomarker for tumor receptor status and
tumor grading. Martinicich et al. [75] found that breast cancers characterized by
high cellularity or a higher number of mitoses have lower ADC values. Similar
observations have been published about triple-negative breast cancers, which are
associated with higher ADC values compared to ER+ and HER2/neu-enriched
tumors [76-79]. In contrast, mucinous carcinoma usually presents ADC values sim-
ilar to benign lesions, most likely due to the presence of both low cellularity and
mucin-rich compartments [68]. Bickel et al. evaluated whether ADC with DWI at
3 T can be used as an imaging biomarker to differentiate invasive breast cancer from
noninvasive ductal carcinoma in situ (DCIS). In that study, in addition to being used
as an imaging biomarker for the diagnosis of breast cancer, ADC seemed to be a
valuable noninvasive quantitative biomarker to assess breast cancer invasiveness,
and thus, has the potential to reduce over-diagnosis and subsequent over-treatment
[80]. Another promising application for DWI is the monitoring of breast cancer
treatment. ADC values are very sensitive to changes in tumor cellularity and
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necrosis. The cytotoxic effect of anticancer drugs increases the Brownian move-
ments in damaged tissues and is reflected by an increase in ADC values which
occurs earlier than lesion size changes or vascularity, as measured with DCE-MRI,
suggesting DWI can provide a valuable early indication of treatment efficacy [81,
82]. Park et al. [83] studied the potential of DWI in the prediction of response to
neo-adjuvant chemotherapy in breast cancer patients. Patients with a low pretreat-
ment ADC tended to respond better to chemotherapy. The best pretreatment ADC
cutoff with which to differentiate between responders and nonresponders was
1.17 x 1073 mm?s, which yielded a sensitivity of 94 % and a specificity of 71 %.
Richards et al. [84] found that pretreatment tumor ADC values differed between
intrinsic subtypes and were predictive of pathologic response in triple-negative
tumors. However, the literature presents divergent results for the assessment of pre-
chemotherapy ADC, and more data to fully elucidate the role of ADC as a potential
biomarker for predicting the response to neoadjuvant treatment in the breast is war-
ranted [61, 82, 85, 86].

Several advanced modeling approaches for DWI to extract more biologically
relevant information are currently under investigation.

* Intravoxel incoherent motion (IVIM): DWI is also sensitive to perfusion because
the flow of blood in randomly oriented capillaries mimics a diffusion process
through the IVIM effect [87]. Several studies have investigated IVIM in breast
tumors and preliminary data suggests that it can provide valuable information
about both tissue microstructure and microvasculature that is beneficial for the
diagnosis of breast cancer lesions [88-92].

* Diffusion-Weighted Kurtosis (DKI): In living tissue, DWI is affected by Brownian
incoherent motion and micro-perfusion or blood flow showing non Gaussian phe-
nomena [93]. The diffusion-weighted kurtosis (DKI) quantifies the deviation of
tissue diffusion from a Gaussian pattern and has demonstrated a substantially
higher sensitivity and specificity in cancer detection compared with ADCs [94, 95].

* Diffusion Tensor Imaging (DTI): DTI is considered to be an extension of DWI,
which provides information about water motion in six or more directions, and
thus, characterizes the motion of water in more detail [96, 97]. DTI provides
measurements of two parameters: mean diffusivity (MD) and fractional anisot-
ropy (FA). MD reflects the average anisotropy, whereas FA describes the degree
of anisotropy [97, 98]. The diffusion of water molecules in the mammary glan-
dular/ductal system presents an excellent example of restricted movement.
There is free diffusion parallel to the walls of the ducts and lobules and a
restricted diffusion in the perpendicular directions, leading to an anisotropic
diffusion [99]. Based on histopathological data, most breast pathologies result
in decreased structuring compared to healthy tissue. Therefore, any changes of
this tissue structure by means of benign or malignant tumor growth should be
reflected by changes in diffusion anisotropy detectable with DTI [96, 97, 99].
Partidge et al. [100] investigated whether DTI measures of anisotropy in breast
tumors are different from those in normal breast tissue and whether this could
improve the discrimination between benign and malignant lesions. The authors
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demonstrated that diffusion anisotropy is significantly lower in breast cancers
than in normal tissue, which may reflect alterations in tissue organization, but
that it cannot reliably differentiate between benign and malignant lesions.
Baltzer et al. [96] proved that DTI can visualize micro-anatomical differences
between benign and malignant breast tumors, as well as normal breast paren-
chyma. However, FA did not have an incremental value compared to
ADC. Although results for the diagnostic accuracy of FA are divergent [96, 97,
101], it seems that DTI has the potential to serve not only as an adjunct method
to DCE examination, but also as an alternative method when DCE imaging is
contraindicated [96, 99, 100].

15.2.4 Proton MR Spectroscopy

MRS is a non-invasive technique that reflects the chemical composition of tissue
by providing spatially localized signal spectra with spectral peaks representing
the structure and concentration of different chemical compounds in the region of
interest. Based on these signal spectra, which provide information about the vary-
ing levels of associated detectable metabolites, MRS is able to differentiate tissue
conditions such as normal, benign, malignant, necrotic, or hypoxic. It has been
demonstrated that, in breast imaging, the additional application of 'H-MRS aids
in the characterization of breast tumors [102, 103]. In breast imaging, the addi-
tional value of "H-MRS is based on the detection of choline (Cho). The Cho peak
observed in vivo is located at approximately 3.2 ppm and is a composite of several
different Cho-containing compounds, such as free choline, phosphocholine, and
glycerophosphocholine, and is commonly referred to as total Cho (tCho). Cho is
involved in cell membrane turnover and is thus considered an imaging biomarker
of cell proliferation. In breast cancer, the elevated Cho signal is thought to result
from a combination of increased intracellular phosphocholine concentration and
increased cell density in the tumor. At low field-strengths, a choline peak is not
regularly identified in normal breast tissue [103, 104], and therefore, its presence
helps in the differentiation of benign from malignant lesions [105-107]. 'H-MRS
can be performed as single-voxel or multi-voxel MRS. Single-voxel spectroscopy
provides a single spatially localized spectrum that represents the average chemi-
cal signal from a 3D voxel placed in the lesion detected with DCE-MRI. In multi-
voxel MRS using chemical shift, a larger volume is excited, producing a spatially
resolved grid of spectra. For a detailed review of acquisition techniques and anal-
ysis of breast MRS, refer to a recent review article by Bolan et al. [105].
Assessment of the recorded tCho as an indicator of breast malignancy can be
performed either qualitatively—detection of the presence of a tCho peak, semi-
quantitatively—measurement of tCho SNR, peak height, or peak integral, or as an
absolute quantification—calculation of tCho concentration with water as an inter-
nal reference or using an external standard. A detrimental effect of contrast agents
on 'H-MRS has been described in both experimental and clinical settings, and
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therefore, the possibility of altered tCho signal intensities after contrast medium
injection have to be considered when calculating absolute tCho quantification
[103, 105, 108, 109]. Due to the challenging image acquisition and post-process-
ing, the clinical value of proton 'H-MRS remains controversial. Nevertheless, sev-
eral studies, mainly performed at 1.5 T and using single-voxel approaches, have
demonstrated that '"H-MRS can improve diagnostic accuracy in breast cancer
diagnosis [10]. In a recent meta-analysis, which included 19 studies, Baltzer et al.
[23] evaluated the diagnostic performance and feasibility of 'H-MRS for differen-
tiating malignant and benign breast lesions. The pooled sensitivity and specificity
of 'TH-MRS was 73 % and 88 %, respectively. There was a substantial heterogene-
ity of sensitivity in the studies (42—-100 %), whereas specificity showed little vari-
ation. The meta-analysis did not show any significant performance advantages of
3 T over 1.5 T field strength or multivoxel over single-voxel techniques, or quali-
tative over quantitative tCho assessments. However the numbers of studies using
3 T (2/19) and MRSI (3/19) were small. "H-MRS seems to be limited in the diag-
nosis of early breast cancer and small breast tumors as well as in non-mass-
enhancing lesions.

Recently, Gruber et al. [110] developed a high-spatial-resolution 3D 'H-MRSI
protocol at 3 T, designed to cover a large fraction of the breast in a clinically accept-
able measurement time of 12—15 min with excellent data quality (Fig. 15.3). In that
study, with a Cho SNR threshold level of 2.6, 3D 'H-MRSI provided a sensitivity of
97 % and a specificity of 84 % in breast cancer diagnosis.

'H-MRSI might also be a valuable tool in the assessment of the response to neo-
adjuvant chemotherapy [102, 111, 112]. Studies indicate that breast tumor tCho
levels and the changes in these levels during treatment are reflective of treatment-
induced alterations in cell proliferation prior to any changes in tumor size. 'H-MRSI
can, therefore, provide an early predictive imaging biomarker of treatment response.
Meisamy et al. demonstrated that MRS of the breast was able to detect a change in
Cho concentration from baseline (before receiving chemo) within 24 h of adminis-
tration of the first dose of the regimen. This change had a statistically significant
positive correlation with change in final size (p = 0.001) [104]. In addition, Shin
et al. showed that the tCho of tumors was higher in invasive versus in situ cancers
and correlated this with several prognostic factors, including nuclear grade, histo-
logic grade, and estrogen receptor (ER) status [106]. Therefore, it can be expected
that the addition of 1H-MRSI of the breast will offer a substantial advantage over
contrast-enhanced MRI of the breast alone in the prediction of response to neoadju-
vant chemotherapy.

In addition, tCho seems to be indicative not only of an increased proliferation,
but also a hallmark of imminent malignant transformation [113, 114]. Recently,
Ramadan et al. [115] demonstrated that, in BRCA-1 and BRCA-2 carriers, healthy
breast tissue is likely to differ from each other as well as from non-mutation carriers
with regard to levels of triglycerides, unsaturated fatty acids, and cholesterol in the
absence any other imaging findings. Further studies are warranted, but if these find-
ings may be confirmed there might be relevant clinical implications for the screen-
ing of high-risk women.
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Fig. 15.3 3 T. Invasive ductal carcinoma G3 in a 47-year-old woman at 9 o’clock in the right breast.
(a) The spectrum of the voxel with the highest Cho SNR inside the malignant lesion is displayed. An
elevated Cho signal at 3.2 ppm was found and the calculated Cho SNR in this voxel was 10.5 (white
arrow). (b) The DCE MR images are overlaid with the grid used for 3D 1H-MRSI localization. (c)
Metabolic map of (d) adjacent breast tissue without any choline peak (white arrow). DCE-MRI
demonstrated an irregularly shaped mass lesion with spiculated margins. DCE-MRI and 3D 'H-MRSI
at 3 T concordantly classified the lesion as BI-RADS 5 (highly suggestive of malignancy)

15.2.5 Multiparametric MRI

Available data suggests that the addition of functional MRI parameters, in combina-
tion with DCE-MRI, may provide additional specificity [23, 24]. Multiparametric
MRI of the breast simultaneously and non-invasively acquires multiple imaging
biomarkers, and thus, has the potential to significantly improve breast cancer diag-
nosis, staging, and assessment of treatment response. Several recent studies have
assessed multiparametric MRI using DCE-MRI and DWI for breast cancer diag-
nosis and have demonstrated that an increased diagnostic accuracy in breast cancer
diagnosis could be achieved [116, 117]. To solve the dilemma of how to combine
the unique information from DCE-MRI and DWI, and to implement multiparamet-
ric MRI in the clinical routine, several different approaches have been explored.
Pinker et al. [13] developed a reading scheme that adapted ADC thresholds to the
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Fig. 15.4 Fibroadenoma in a 48-year-old woman at 2 o’clock in the right breast. (a) The irregular-
shaped and partially irregularly marginated mass (white arrow) demonstrated (b) an initial fast/
persistent (II) heterogeneous contrast enhancement. (¢) However, on diffusion-weighted imaging
(DWI), the ADC values (1.93 x 10~ mm?/s) were well above the threshold for malignancy, allow-
ing an accurate classification as a benign finding with the BI-RADS®-adapted reading

assigned BI-RADS® classification. In that study, the sensitivity of the BI-RADS®-
adapted reading was not significantly different from the high sensitivity of DCE-
MRI (p = 0.4), whereas the BI-RADS®-adapted reading maximized specificity to
89.4 %, which was significantly higher compared to DCE-MRI alone (p < 0.001).
The authors concluded that BI-RADS®-adapted reading, combining DCE-MRI and
DWI, improves diagnostic accuracy and is fast and easy to use in routine clinical
practice (Fig. 15.4). In a different approach, Baltzer et al. [118] investigated the
improvements in specificity of breast MRI by integrating ADC values with DCE-
MRI using a simple sum score. The additional integration of ADC scores achieved
an improved specificity (92.4 %) compared to DCE-MR-only reading (specificity
of 81.8 %), with no false-negative results. Pinker et al. compared the diagnostic
accuracy of DCE-MRI as a single parameter to multiparametric MRI with two
(DCE-MRI and DWI) and three (DCE-MRI, DWI and 1H-MRSI) parameters in
breast cancer diagnosis. Multiparametric MRI with three parameters yielded sig-
nificantly higher AUCs (0.936) compared to DCE-MRI alone (0.814) (p < 0.001).
Multiparametric MRI with just two parameters at 3 T did not yield higher AUCs
(0.808) than DCE-MRI alone (0.814). Multiparametric MRI with three parame-
ters resulted in elimination of false-negative lesions and significantly reduced the
false-positives (p = 0.002) (Figs. 15.5 and 15.6). The authors concluded that multi-
parametric MRI with three parameters increases the diagnostic accuracy of breast
cancer, compared to DCE-MRI alone and MP MRI with two parameters, and should
be considered for future implementation in breast cancer care [11].

Recently, the concept of multiparametric imaging has been extended to ultra-
high-field MRI. Pinker et al. evaluated the clinical application of multiparametric
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Fig. 15.5 Fibroadenoma in a 48-year-old woman at the 2 o’clock position of the right breast.
(a—d) The slightly irregular, partly indistinct mass (arrow) with a heterogeneous initial strong
enhancement and plateau curve is classified by DCE-MRI of the breast as BI-RADS© 4 (suspi-
cious abnormality)
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Fig.15.6 ROC curves illustrate the higher diagnostic value (i.e., higher sensitivity, specificity, and
larger area under the curve) that is reached for multiparametric MRI with three parameters, com-
pared to DCE-MRI of the breast and multiparametric MRI with two parameters
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MRI using DCE-MRI and DWI at 7 T and its impact on diagnostic accuracy in
breast cancer diagnosis [12]. Multiparametric MRI, combining high-resolution
DCE-MRI and DWI at 7 T, yielded a sensitivity and specificity of 100 % and 88.2 %,
respectively, with an AUC of 0.941, which was significantly greater than DCE-MRI
(p = 0.003), with a sensitivity and specificity of 100 % and 53.2 %, respectively,
with an AUC of 0.765, and greater than DWI, with a sensitivity and specificity of
93.1 % and 88.2 %, respectively, with an AUC of 0.907 (Fig. 15.7). In that study,
multiparametric MRI of the breast at 7 T accurately detected all cancers, reduced
false-positives from eight with DCE-MRI to two (Fig. 15.8), and thus, could have
obviated unnecessary breast biopsies (p = 0.031). In a very recent study, Schmitz
et al. investigated multiparametric MRI with three parameters, i.e., DCE-MRI,
DWI, and phosphorus spectroscopy (31P MRSI) at 7 T for the characterization of
breast cancer [119]. The authors concluded that multiparametric 7 T breast MRI
with three parameters is feasible in the clinical setting and shows an association
between ADC and tumor grade, and between 31P MRSI and mitotic count.

15.3 Emerging MRI Parameters

15.3.1 Sodium Imaging (*Na MRI)

Sodium (**Na) MRI has been introduced as a novel MRI parameter for the detec-
tion and therapy monitoring of breast cancer. 2*Na MRI provides information about
the physiological and biochemical state of tissue, and the sodium concentration is
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Fig. 15.8 7 T DCE-MR. Fibroadenoma in a 60-year-old woman at 3 o’clock in the right breast.
(a) The irregular-shaped and partially irregularly marginated mass (white arrow), demonstrated (b)
an initial medium/persistent (II) heterogeneous contrast enhancement on DCE-MRI of the breast
at 7 T. (¢) However, on diffusion-weighted imaging (DWI), the ADC values (1.47 x 10~ mm?/s)
were well above the threshold for malignancy, allowing an accurate classification as a benign find-
ing with the BI-RADS©-adapted reading

a sensitive indicator of cellular metabolic integrity and ion homeostasis [120, 121].
In normal cells, a low intracellular sodium concentration is maintained by the Na*/
K* ATPase pump, which actively pumps sodium out of the cell against a concentra-
tion gradient formed by the higher extracellular sodium concentration. 2*Na MRI is
able to detect increased sodium levels secondary to failure of the Na*/K*-ATPase
pump due to the breakdown of cell membranes, as observed in malignancy.
Ouwerkerk et al. investigated the potential of Na MRI for the differentiation of
benign and malignant breast lesions at 1.5 T [122]. The authors demonstrated that
an increased total sodium concentration in breast tumors is a sensitive cellular-
level indicator associated with malignancy, and has the potential to increase the
specificity of MRI of the breast. However, at field-strengths of 1.5 and 3 T, »Na
MRI is limited. Recently, Zaric et al. investigated quantitative 2Na MRI at 7 T
compared to DWI. These authors demonstrated that quantitative *Na MRI at 7 T
can be accomplished with a good resolution and image quality within clinically
acceptable measurement times in patients with breast tumors. Quantitative *Na
MRI allowed good discrimination of benign and malignant breast lesions
(p = 0.002), similar to DWI (p = 0.002). »*Na MRI reliably provides complemen-
tary information about pathophysiologic changes in neoplasms and has the poten-
tial to improve the detection, characterization, and treatment monitoring of breast
lesions (Fig. 15.9) [123].
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Fig. 15.9 Invasive ductal carcinoma G1 in a 71-year-old woman at 2 o’clock in the right breast.
(a) The irregular shaped and partly irregularly marginated mass lesion demonstrates (b) homoge-
neous initial strong enhancement followed by a plateau. (¢) The mass demonstrates low ADC
values (1.038 x 10~ mm?s) and (d) shows a high signal intensity on >Na MRI, indicative of
malignancy

15.3.2 Phosphorus Spectroscopy (*'P MRS)

Phosphorus spectroscopy (*'P MRS) measures the bioenergetics of tissue and
membrane phospholipid metabolism. The signals of phospholipid precursors and
catabolites can be used as imaging biomarkers for tumor progression and
response to therapy [124, 125]. It has been demonstrated in several in vitro and
in vivo 3'P MRS studies that elevated levels of phosphocholine (PC)/phospho-
ethanolamine (PE) are detectable in several cancers. Barzilai et al. showed a
significant decrease in the PE/PC ratio in malignant breast tumors compared to
benign lesions [126], as well as changes in PE/PC ratios in response to therapy.
At field-strengths of 1.5 and 3 T, the application of 3'P MRSI is limited to rela-
tively large and primarily superficial tumors [125]. Recently, the feasibility of
3P MRS at 7 T has been demonstrated in healthy volunteers and patients with
breast cancer, with excellent quality of (*'P)-MR spectra. Patients with breast
cancer show higher levels of PE and PC than healthy volunteers. 3'P MRS pro-
vides a direct method for the in vivo detection and quantification of endogenous
biomarkers, such as phospholipid metabolism, phosphate energy metabolism,
and intracellular pH, and allows monitoring in vivo metabolism during neoadju-
vant chemotherapy. It can be expected that *'P MRS could used as specific tool
for breast cancer diagnosis, tumor staging, and monitoring response to therapy
[56, 127].
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15.3.3 Chemical Exchange Saturation Transfer (CEST)
Imaging

Chemical exchange saturation transfer (CEST) is an MRI parameter that enables
visualization of chemical exchange processes between protons bound to solutes and
surrounding bulk water molecules [128, 129]. It has been demonstrated that endog-
enous CEST can discriminate tumor from healthy breast tissue based on the infor-
mation about protons associated with mobile proteins through the amide proton
transfer (APT) effect, and also has been implicated as a prognosticator of response
to therapy [130]. Recently, ATP CEST MRI at 3 T has been investigated for its
potential in breast cancer diagnosis, with promising results. Schmitt et al. demon-
strated lesion detection and differentiation was equally possible with DCE-MRI and
ATP CEST-MRI through the CEST contrast generated by endogenous solute mol-
ecules. The results of this initial feasibility study hint at a significant potential for
ATP CEST-MRI in breast imaging. Recently, animal studies have investigated
CEST contrasts other than ATP, exploiting the entire CEST spectrum. Desmond
et al. found that imaging of the amide, amine, and aliphatic signal (aaaCEST) allows
non-invasive differentiation of areas of apoptosis and/or necrosis from actively pro-
gressing tumor [131, 132]. In addition, similar to ['®F]Fluorodeoxyglucose positron
emission tomography (["*F]FDG), dynamic CEST imaging after the administration
of glucose (glucoCEST) has been shown to enable the non-invasive evaluation of
the kinetics of glycolysis, which is typically increased in malignant lesions. Initial
results indicate that glucoCEST might serve as a potential substitute for PET/CT or
PET/MRI in the clinic for the detection of tumors and metastases, distinguishing
between malignant and benign tumors and monitoring tumor response to therapy,
without the need for radio-labeled isotopes [131, 133-135]. Nevertheless, further
studies will be necessary to explore the true potential of CEST imaging in breast
cancer.

15.3.4 Blood Oxygen Level-Dependent MRI

Blood oxygen level-dependent (BOLD) MRI or intrinsic susceptibility-weighted
imaging is a noninvasive method for the indirect measurement of tumor perfusion
and hypoxia. Hypoxia is a feature of most solid tumors, including breast cancer, and
is associated with tumor progression, angiogenesis, treatment resistance, local
recurrence, and metastasis. BOLD MRI non-invasively detects increased levels of
paramagnetic deoxyhemoglobin. Deoxyhemoglobin causes susceptibility varia-
tions in the magnetic field, which, in turn, decrease the transverse relaxation rate R2
* (= 1/T2 *) of water in blood and the tissue surrounding blood vessels. An increase
in the deoxyhemoglobin concentration, i.e., hypoxia, causes a decrease in the signal
intensity on the T2 * image and a faster R2 * [136]. Improvement in tissue oxygen-
ation has the opposite effect. Therefore deoxyhemoglobin acts as an intrinsic BOLD
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contrast agent for imaging tissue hypoxia [10, 137]. Initial results indicate that
BOLD MRI is a simple and non-invasive technique yielding hypoxia information
on breast cancer [91, 138, 139], and can be used to assess response to neoadjuvant
treatment [140]. Tumor hypoxia might, therefore, have the potential to serve as an
imaging biomarker of breast cancer prognosis as well as treatment response [141].
To date, tumor hypoxia is assessed on biopsy-derived tumor tissue samples, with the
main limitations being the invasiveness, non-representative sampling (the tumor can
be quite heterogeneous and biopsies can be non-representative of the whole tumor),
and the necessity to perform multiple evaluations to follow changes in tumor oxy-
genation after treatment [141]. These limitations highlight the importance of devel-
oping imaging biomarkers that can reliably detect tumor hypoxia for tumor grading
and non-invasive monitoring spatio-longitudinally during treatment. However, to
date, BOLD MRI in breast imaging is in the experimental/translational stage and
data is, as yet, scarce. Further studies will be necessary to elucidate the clinical
value of BOLD MRI for breast cancer diagnosis and treatment response
assessment.

15.3.5 Hpyperpolarized MRI (HP MRI)

Hyperpolarized MRI (HP MRI) is one of the most recent advances in molecular
imaging. HP MRI allows a rapid, radiation-free, non-invasive investigation of tumor
metabolism by exploiting exogenous contrast agents that have been “hyperpolar-
ized.” Conventional MR imaging depends on nuclear spins that have been polarized
on the order of a few parts per million, whereas, in HP MRI, nuclear spins reach
near-unity polarization, resulting in an extensive increase in signal intensity [142,
143]. HP MRI nuclear spins are polarized in an amorphous solid state at ~1.2 K
through coupling of the nuclear spins with unpaired electrons that are added to the
sample via an organic free radical. In the solid state, the high electron spin polariza-
tion is, in part, transferred to the nuclear spins by microwave irradiation and then the
sample is rapidly dissolved for injection. Recently, '*C-labeled substrates have been
polarized to obtain enhancements of the '*C nuclear MR signals, e.g., >50,000-fold
at 3 T in the substrate as well as subsequent metabolic products [144]. The enhance-
ment that is achieved is lost in time as a function of the spin-lattice relaxation time
of the nucleus (T1). The HP *C probes can be injected into living organisms and
their metabolism can be observed in real-time by chemical shift imaging. Currently,
(1*C) pyruvate is the most widely used probe for HP MR studies since it polarizes
well, has a long T, relaxation time, and is rapidly taken up by the cell and metabo-
lized at the juncture of glycolysis, TCA, amino acid biosynthesis, and other critical
pathways. Multiple animal studies have confirmed that the real-time measurement
of the relative transformation of pyruvate into lactate and alanine, using HP MRI,
allows a differentiation of benign and malignant tissue [145—147]. In addition to the
distinction of cancerous and normal cells [146, 148, 149], HP MRSI using "*C pyru-
vate has been demonstrated to have potential in the assessment of cancer
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progression [150, 151]. Recently, other novel probes for redox (**C dehydroascor-
bate), necrosis (*C fumarate), and glutamine metabolism (**C glutamine) have been
developed to interrogate other metabolic pathways, with promising results [152]. To
date, there is no specific clinical application for HP MRI in breast cancer.
Nevertheless, several pre-clinical and initial studies in cancer, including breast can-
cer [153], indicated that this technique may be applicable for the detection of breast
cancer and assessment of treatment response in the future.

15.4 Nuclear Imaging of the Breast

15.4.1 Gamma Camera Imaging: *mtc-Sestamibi
Scintimammography (SM) and Breast-Specific Gamma
Imaging (BSGI)

PmTc-sestamibi scintigraphic mammography (*’mTc-MIBI-SM) was introduced in
the 90s and can be used as an alternative diagnostic imaging modality in patients
with dense breasts. In *mTc-MIBI-SM, the radiotracer 99mTc-MIBI is injected
intravenously and accumulates in tissues with increased perfusion, permeability,
and metabolic activity, such as breast cancer. Several studies have investigated the
application of 99mTc-MIBI for the assessment of breast tumors, using both planar
and single-photon emission computed tomographic radionuclide imaging with a
general-purpose gamma camera, and have reported sensitivities ranging from 84 to
93 % [154]. However, mTc-MIBI-SM has a relatively low spatial resolution,
which impedes the depiction of small cancers and is limited in the detection of low-
grade breast tumors [155-157]. To overcome these limitations, *mTc-MIBI-SM
Breast-Specific Gamma Imaging (BSGI) has been developed [158-163]. In a meta-
analysis, Sun et al. reviewed the role of BSGI as an adjunct modality to mammog-
raphy [164] and reported a pooled sensitivity and specificity of 95 % and 80 %,
respectively. In patients with normal mammography findings, 4 % were diagnosed
with breast cancer by BSGI, and, in those with a suspicious imaging finding on
mammography or biopsy-proven breast cancer, 6 % were diagnosed with multifocal
disease by BSGI. The authors concluded that BSGI can serve as a valuable adjunct
modality to mammography for detecting breast cancer.

15.4.2  Positron Emission Tomography (PET)/Computed
Tomography (CT), and PET Mammography (PEM)

Positron emission tomography (PET) is a non-invasive diagnostic nuclear medicine
imaging method that enables the assessment of physiological processes using radio-
tracers. The most commonly used radiotracer is ['®F]Fluorodeoxyglucose (['*F]
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FDG). [®F]FDG PET allows an assessment of tissue glycolysis, which is typically
increased in neoplastic processes, such as breast cancer [165-167]. However, ['*F]
FDG uptake is variable based on the organ of origin, tumor type, and grade, and a
critical mass of tumor cells is necessary for visualization. In addition, ['"*F]FDG
uptake is not tumor-specific and some benign conditions, such as inflammatory pro-
cesses, can also be [*F]FDG-avid. As ['"*F]FDG PET alone provides limited ana-
tomical information and has a low spatial resolution that frequently results in
difficulties in lesion localization and in the assessment of potential tumor infiltration
into adjacent organs, hybrid imaging systems, such as PET/CT, were developed and
established in the clinical routine. Numerous studies have investigated ['"*F]FDG
PET and ['8F]FDG PET/CT, in the supine position, for breast imaging [165-170].
BEDG-PET/(CT) is helpful in the staging of locally advanced metastatic or recur-
rent breast cancer, as well as in evaluating the response of locally advanced and
metastatic breast cancer to treatment. Available data indicate that (['*F]FDG PET/
CT is valuable in the evaluation of advanced axillary disease and nodal spread
in locally advanced breast cancer [165-171]. Whole-body supine ["*F]JFDG PET/
CT has been evaluated for the detection and staging of primary breast cancer with
reported sensitivities and specificities of 88 % and 80 %, respectively. However, due
to its limited ability in the detection of small lesions and low grade cancers, it is
currently not recommended for local staging of known or suspected primary breast
malignancies [172, 173]. In a recent study, Magometschnigg et al. compared the
diagnostic accuracy of ['*F]JFDG PET/CT with DCE-MRI at 3 T in suspicious breast
lesions, evaluated the influence of tumor size on diagnostic accuracy, and explored
the use of SUV)ax thresholds to differentiate malignant and benign breast lesions
[173]. In that study, the patients were scanned in the prone position, with a state-of-
the-art combined PET/CT system, which might explain the achieved higher sensi-
tivity and diagnostic accuracy. Both ['*F]FDG PET/CT and DCE-MRI demonstrate
an equal diagnostic accuracy for breast cancer diagnosis of 93 % (Fig. 15.10).
Neither sensitivity (p = 0.125), specificity (p = 0.344), or diagnostic accuracy (p=1)
were significantly different. In lesions <10 mm, diagnostic accuracy deteriorated to
91 % for both ["*F]FDG PET/CT and DCE-MRI. In lesions <10 mm, CE-MRI at
3 T is more sensitive, but less specific than ["*F]JFDG PET/CT. Quantitative assess-
ment using an SUV\,x threshold for the differentiation of benign and malignant
lesions is not helpful in breast cancer diagnosis.

The authors concluded that ['*F]FDG PET/CT can be considered an alternative
imaging modality in patients who are not candidates for DCE-MRI.

To overcome the limitations of whole-body ["*F]JFDG PET/CT in breast imaging,
dedicated breast PET systems have been developed. Positron Emission
Mammography (PEM) is a high-resolution, breast-specific device that enables co-
registration of mammographic and emission ["®F]JFDG images of the breast by
means of two flat detectors integrated into the system on either side of the breast.
The more recently developed breast-specific MAMography with Molecularlmaging
(MAMMI)-PET utilizes a small ring of detectors, which yields an improved con-
trast and signal-to-noise ratio (SNR). Other alternatives to conventional PEM design
are the Clear-PEM system or the Shimadzu, which acquire tomographic breast
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Fig. 15.10 Invasive ductal carcinoma G2 in a 46-year-old woman, retroareolar in the right breast.
(a) The round, irregularly marginated mass lesion (white arrow) shows (b) a heterogeneous initial
strong enhancement followed by a plateau, and was classified by CE-MRI as BI-RADS© 5 (suspi-
cious finding). (¢) On 'F-FDG PET/CT, the lesion was strongly '"*F-FDG-avid, with an SUV,x of
4.4. The lesion was a true-positive finding on both modalities

images. Dedicated breast PET systems have been shown to have both a high sensi-
tivity and specificity in detecting breast malignancy (<1 cm). Kalles et al. reviewed
the role of ['*F]FDG PEM in breast cancer imaging, and concluded that ['"*FIFDG
PEM can successfully complement conventional imaging in breast cancer detection
by providing information about tumor biology. The current data suggest that PEM
might not be far from being included in the first-line modalities for breast cancer
screening [174].

15.5 Molecular Imaging with PET/MRI

In their multi-step development, cancers have acquired several biological capabili-
ties, such as sustaining proliferative signaling, evading growth suppressors, resist-
ing cell death, enabling replicative immortality, inducing angiogenesis,s and
activating invasion and metastasis [175-179]. To elucidate these hallmarks of can-
cer, imaging techniques have to be equally sophisticated and multilayered. Both MP
MRI and PET of the breast can visualize different processes involved in cancer
development and progression, thus providing morphologic, functional, metabolic,
and molecular information about breast tumors. To overcome the individual limita-
tions of morphologic and functional imaging techniques, hybrid imaging systems
have been developed and introduced into the clinical routine. Initial studies investi-
gating fused ['*F]FDG PET and DCE-MRI for breast cancer diagnosis demonstrated
that fused ['*F]JFDG PET/MRI provides accurate morphological and functional data
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and has the potential to emerge as an all-encompassing alternative to conventional
multi-technique tumor staging [180-183]. However, in these studies, the functional
information provided by ['8F]JFDG PET was merely combined with the morpho-
logic and limited functional information of DCE-MRI. Pinker et al. investigated
multiparametric PET/MRI using DCE-MRI, DWI, 'H-MRSI, and ®FDG for the
assessment of breast tumors at 3 T [184]. The authors demonstrated that MP ['3F]
FDG PET/MRI provided an improved differentiation of benign and malignant
breast tumors when several MRI and PET parameters are combined. In addition, the
authors concluded that MP ['8F]JFDG PET/MRI may lead to a reduction of unneces-
sary breast biopsies of up to 50 % (Fig. 15.11). In a recent feasibility study, Pinker
et al. investigated combined PET/MRI of breast tumors in eight patients with DCE-
MRI, DWI, the radiotracer ['"*F]FDG, and the hypoxia tracer ['*F]FMISO (refer to
Sect. 15.5.1) at 3 T (Fig. 15.12), and correlated MRI and PET parameters with
pathological features, grading, proliferation-rate (ki67), immuno-histochemistry,
and the clinical endpoints metastasis and death. Preliminary results showed several
moderate to excellent correlations between quantitative imaging markers, grading,
receptor status, and proliferation rate (Fig. 15.13) [185]. Multiparametric criteria
provided independent information. DCE-MRI, ["®F]FDG- and ["*F]FMISO-avidity
strongly correlated with the presence of metastasis [r = 0.75 (p < 0.01), 0.63
(p =0.212), and 0.58 (p = 0.093)] and death [r = 0.60 (p = 0.09), 0.62 (p = 0.08),
0.56 (p = 0.11)]. Multiparametric ["*F]FDG /["*F]FMISO PET/MRI provides quan-
titative prognostic information in breast cancer patients, and thus, might have the
potential to enable tailored therapy through improved risk stratification.

15.5.1 Specific Radiotracers

To date, nuclear and hybrid imaging in breast cancer is mainly performed using the
radiotracer ['*F]FDG. Although ["®F]FDG is a very sensitive radiotracer, it is limited
with regard to specificity, as there is a significant overlap in uptake behavior for
benign and malignant conditions. Recently, more specific radiotracers to target pro-
cesses involved in cancer development and progression have been developed and
introduced into breast imaging:

["®F]Fluoromisonidazole (["*F]JFMISO) for the assessment of tumor hypoxia;
radioactive-labeled Annexin V for the assessment of tumor-neoangiogenesis; ['3F]
Fluoro-L-thymidine (['F]FLT) for the assessment of nucleic acid metabolism; and
['8F]Fluoroestradiol (['*F]FES) and radiolabeled trastzumab for the assessment of
tumor receptor status.

e Tumor hypoxia

['®F]JFMISO has a high affinity to hypoxic cells with active nitroreductase
enzymes and accumulates in activated tumor cells, but not necrotic cells. Therefore,
['*FIFMISO has the potential to serve as an imaging biomarker for tumor grading
and assessment of treatment response. Cheng et al. [186] investigated whether ['*F]
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Fig. 15.11 PET/MRI. Fibroadenomatous hyperplasia in a 22-year-old woman in the upper outer
quadrant of the left breast. (a) The irregular shaped and partly irregularly marginated mass lesion
(white dashed arrow) demonstrates (b) homogeneous initial strong enhancement followed by a
plateau. (¢) However, the ADC values are not below the cut-off for malignancy (1.275 x 10~ mm?/s).
(d) There is no Cho peak depicted at 3.23 ppm in 3D 'H-MRSI (arrow) and (e) the lesion is not
[ F]FDG-avid. The lesion is false-positive on DCE-MRI, but true-negative on (f) multiparametric
PET/MRI. Note two classic, mildly metabolically active fibroadenomas in the right breast, ret-
roareolar (white arrow)
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Fig. 15.12 Invasive ductal carcinoma G3 in a 55-year-old woman at 9 o’clock in the left breast.
Upper row: DCE and fused ['"*F]FDG and ['*F]FMISO PET/MRI. Lower row: ADC and fused ['*F]
FDG and ['8F]FMISO PET/MRI. (a) The indistinct irregular mass lesion (white arrow) with het-
erogeneous enhancement shows decreased (d) ADC values in the enhancing areas. The lesion is (b,
e) highly ["®F]JFDG-avid and (c, f) several tumor areas show ['*F]JFMISO-avidity indicative of
tumor hypoxia

FMISO PET/CT can predict primary resistance to endocrine therapy in estrogen-
receptor-positive breast cancer, and found a significantly positive correlation
between baseline ["*F]JFMISO uptake and clinical outcomes after >3 months of pri-
mary endocrine therapy with letrozole. The data suggest that ['"*FIFMISO PET/CT
may be an effective method for monitoring the response to endocrine therapy, and
has the potential for early identification of non-responders.

* Apopotosis

Apoptosis plays an important role in tumorgenesis, progression, and therapy.
Apopotosis induces a cascade of enzymatic processes, which eventually lead to cell
death. The activation of caspsases enables the externalization of phosphatidylserine
(PS), which is usually located on the inside of the cell membrane. The protein
Annexin V binds to PS with a high affinity, and therefore, is a marker for apoptosis.
To date, Annexin V has been labeled with multiple radiotracers for SPECT and PET
imaging [187].
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Fig. 15.13 Non-parametric Pearson’s correlation coefficient matrix. Correlations are marked in
blue if positive and red if negative (cf. legend on the left) DCE dynamic contrast enhanced-MRI,
ADC apparent diffusion coefficient, SUV standardized uptake value, FDG fluorodeoxyglucose,
FMISO Fluorine-18 labeled misonidazole, ER estrogen receptor, PR progesteron receptor, HER 2
NEU human epidermal growth factor receptor 2, Mol.Sub molecular subtype, Mtx metastases

¢ Proliferation

The radiotracer ['®F]FLT accumulates in proliferating cells. The accumulation is
regulated by the thymidine salvage pathway and by the activity of thymidine kinase
one, and is, therefore, reflective of DNA synthesis. ['®F]FLT has demonstrated
promising results for the detection of treatment response in preclinical breast cancer
mouse models, and is now under investigation in several clinical trials [188].

* Receptor status

['*F]FES PET imaging allows a non-invasive visualization and quantification of
estrogen receptor expression of both the primary tumor and metastases [189]. In
addition, ["®F]FES PET imaging provides valuable information about the response
to endocrine therapy, both in the neo-adjuvant and adjuvant setting. In a recent
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publication by van Kruchten et al., the authors provided a comprehensive overview
of the role of ['*F]FES PET/CT in breast cancer [190], and concluded that ['*F]FES
PET/CT has the potential to significantly influence patient management.

Radiolabeled trastuzumab allows the non-invasive visualization and quantifica-
tion of human epidermal growth factor receptor 2 (HER?2) status. In initial studies,
Smith-Jones et al. demonstrated the non-invasive measurement of HER2 expression
and therapy-induced changes, using a ®*Gallium-labeled fragment of trastuzumab in
an animal model [191, 192]. In recent clinical PET/CT studies with *Copper (*Cu)-
DOTA-labeled trastuzumab, it was demonstrated that “Cu-DOTA-trastuzumab
PET/CT enables the detection of the primary tumor, as well metastases, with excel-
lent sensitivity, and therefore, has the potential to further improve HER2-targeted
therapies [193, 194].

It can be expected that, in the future, specific radiotracers will play a major role
in the detection, characterization, staging, and therapy monitoring as part of preci-
sion medicine in breast cancer [195-198].

15.6 Conclusion

Within the last few years, multiparametric imaging has entered the field of breast
imaging. Multiparametric imaging of the breast comprises established and advanced
MRI parameters, such as DWI and MRS, nuclear imaging with PET, PEM, and
BSGI, and, more recently, combinations of techniques (e.g., PET/CT and PET/
MRI). In addition, novel MRI parameters, such as »*Na-MRI, *P MRSI, CEST,
BOLD, and hyperpolarized MRI, are rapidly evolving and specific radiotracers are
being investigated. Multiparametric imaging of the breast is a still-evolving field and
more significant advances are imminent. It can be expected that multiparametric
imaging of the breast, using cutting-edge sequences and targeted radiotracers, simul-
taneously at different levels, will provide information, noninvasively, about the hall-
marks of cancer. Therefore, multiparametric imaging of the breast has the potential
to significantly enhance our understanding of tumor molecular biology and to enable
the development of novel personalized approaches in the management of breast can-
cers thereby significantly impacting not only cancer research, but also clinical
practice.
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Chapter 16
Abbreviated Breast MRI

Victoria Mango and Linda Moy

Abstract Breast MRI demonstrates high sensitivity for breast cancer detection,
beyond that of mammography and ultrasound. Numerous factors limit the wide-
spread application of MRI as a screening modality for all women, including time-
consuming protocols which may occupy the MRI system for 30-60 min, and which
are costly, difficult for patients and limit clinical accessibility. Recently researchers
have questioned which MR sequences are truly necessary in the screening setting to
achieve the desired sensitivity of a screening examination. The definition of an
abbreviated MR protocol varies from study to study and research is ongoing to opti-
mize such a protocol. Possibilities include limiting the exam to one post-contrast
sequence, utilizing T2-weighted or diffusion weighted imaging (DWI) or employ-
ing time-resolved angiography with stochastic trajectories (TWIST) sequences.
Decreased image acquisition and reading time in the screening MRI setting could
potentially decrease cost and increase women’s access to screening breast MRI
without sacrificing diagnostic accuracy and cancer yield.

Keywords Breast MRI ¢ Abbreviated protocol ¢ Breast cancer * Supplemental
screening * Breast density ¢ Screening costs * MR protocol optimization e
Interpretation times * DWI ¢ TWIST

Breast MRI demonstrates high sensitivity for breast cancer detection, beyond that of
mammography and ultrasound [1-3]. According to the American Cancer Society,
screening breast MRI should be used for patients with >20 % lifetime risk of devel-
oping breast cancer, BRCA 1 or 2 mutation carriers, and patients with a history of
mantle radiation before age 30 [4]. In these high risk groups MRI screening enables
breast cancer diagnosis at a lower stage and reduces interval cancers [2, 5-13].
There is indirect evidence that MR screening improves prognosis [12, 13]; however,
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cost effectiveness of breast MRI has been evaluated by multiple studies with differ-
ing conclusions [14—19].

Although most studies focus on women at high risk, patients of mildly elevated
risk may benefit from breast MRI screening as well [20]; however, numerous factors
limit the widespread application of MRI as a screening modality. Breast MRI is
technically demanding and therefore associated with high costs, directly and indi-
rectly [21, 22]. This is partly due to protocols that are time consuming to acquire
and read. A full diagnostic protocol may occupy the MRI system for 30-60 min [23,
24]. The length of the exam may also be difficult for patients, particularly those with
claustrophobia or musculoskeletal issues that create discomfort or prohibit laying
stationary in the prone position for long periods of time. Indirect costs result from
false positive findings with subsequent biopsy and follow up exams for BI-RADS 3
findings. Availability of facilities with scanners and radiologists trained in breast
MRI limits clinical accessibility [25]. Additionally the need for intravenous contrast
increases the cost of the exam and may limit MR use due to patient allergy or renal
insufficiency [26].

The reported length of a full diagnostic breast MRI examination varies between
institutions; scan time, contrast injection, providing patient instructions and getting
the patient on and off the table can occupy up to 60 min of magnet and technologist
time. Standard full diagnostic protocols vary slightly but usually include a non-fat
saturated T1 sequence, a T2 weighted sequence, pre and several post-contrast
sequences with generation of subtraction images and kinetic enhancement curves.
Maximum Intensity Projection (MIP) images are often generated from the data set
and fuse a stack of images into a single 3-dimensional like image allowing quick
overview of the entire volume imaged with increased conspicuity of enhancing
lesions. Subtraction images are created by subtracting unenhanced images from
contrast-enhanced images on a pixel-by-pixel basis producing a subtracted
post-contrast image. While the full diagnostic protocol is informative, in many ways
it has been lengthened to maximize specificity in order to best characterize lesions
and establish disease extent. Currently this diagnostic protocol is uniformly applied
to screening patients as well as to those undergoing extent of disease evaluation and
problem solving. However, the goal in screening is to identify the small number of
patients amongst a large population who have otherwise undetectable disease; it
is therefore possible that the screening population may warrant a different
approach [27].

Recently researchers have questioned which MR sequences are truly necessary
in the screening setting. If a shorter or abbreviated MRI protocol were to be applied
to a screening population patients could be called back for the full diagnostic
examination only if necessary. This model would conform to the routine practice in
screening and diagnostic mammography in which a small percentage of patients
with indeterminate or suspicious findings on the screening exam are recalled for
additional diagnostic imaging. Alternatively researchers have suggested that the
abbreviated MRI protocol could be a stand alone exam; interpreted without the need
for the patient to be recalled for additional imaging. Regardless, a shortened MRI
examination could reduce the time to acquire and interpret the exam, leading to
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decreased costs and improved patient comfort. Such improvements could ultimately
enable breast MRI to be available to more women and potentially to function as a
routine screening exam.

The definition of an abbreviated MR protocol, both sequences used and imaging
plane, varies from study to study and research is ongoing to optimize such a proto-
col. The various abbreviated protocols investigated in the currently available litera-
ture are summarized in Table 16.1. In the seminal prospective study by Kuhl et al.,
the feasibility of an abbreviated MRI protocol was explored in a high risk screening
population. The authors analyzed 606 MRI exams in 443 women, prospectively
utilizing an abbreviated protocol consisting of one axial pre-contrast T1 and one
single axial post-contrast T1 with subsequent first post-contrast subtraction and
MIP images generated [28]. This patient population was at mild to moderately
increased risk for breast cancer and had normal/benign mammograms, normal clini-
cal exams and, for those with heterogeneously or extremely dense tissue, a normal/
benign ultrasound. The authors found 11 breast cancers (4 DCIS, 7 invasive; all
T1INO intermediate or high grade, median invasive cancer size 0.8 cm) for an addi-
tional cancer yield of 18.2 per 1000 (Fig. 16.1). Reading the MIP image alone dem-
onstrated 10/11 (90.9 % sensitivity) cancers with a negative predictive value (NPV)
of 99.8 %. When reading the complete abbreviated protocol (MIP, first post-contrast
subtracted and optionally their non-subtracted source images), 11/11 cancers were
diagnosed with equivalent specificity and positive predictive value compared to the
full diagnostic protocol. They found the NPV for the complete abbreviated protocol
and full diagnostic protocol were 100 % with 2 year follow up used to validate nega-
tive screening MR results. Specificity and PPV of the abbreviated protocol did not
differ significantly from the full diagnostic protocol (94.3 % v 93.9 % and 24.4 % v
23.4 %) (Table 16.2).

Achieving such high sensitivity and specificity with limited MR sequences
would be ideal in the screening setting. The Kuhl study also demonstrated expected
decreased radiologist reading time of the abbreviated protocol, on average 2.8 s for
the single MIP image and 28 s for the complete abbreviated protocol which is faster
than published screening mammogram reading times of 60—120 s [29, 30] (Table
16.3). Such short reading times could allow for batch reading of MR screening
exams similar to the model currently used for mammography. The reported full
diagnostic protocol acquisition time was 17 min but only 3 min for the abbreviated
protocol. Comparing this time to other breast cancer supplemental screening options
is striking given the average ultrasound screening time of 19 min reported in the
American College of Radiology Imaging Network breast ultrasound screening trial
by Berg et al. [2, 31]. In this trial a doubled cancer yield (14.9 %) was achieved by
adding MRI following ultrasound, showing the superiority of MRI over ultrasound
for breast cancer detection.

Findings in the Kuhl study are further supported in a study by Mango, et al.
which examined an abbreviated protocol consisting of a pre-contrast fat saturated
sagittal T1 image and single early post-contrast sagittal T1 image [32]. In this study
four experienced breast radiologists reviewed 100 cases of biopsy proven unicentric
breast carcinoma including the first post-contrast T1, post processed subtracted first
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Fig. 16.1 Forty-six-year-old female with a palpable right 3:00, 1.4 cm moderately differentiated
invasive ductal carcinoma (white solid arrow). Selected sequences provide an example of the
abbreviated breast MRI protocol investigated by Kuhl et al. [28]. (a) Axial pre-contrast non-fat
saturated T1-weighted image (b) Axial first post-contrast fat saturated T1-weighted image (c)
Axial first post-contrast subtracted T1-weighted image and (d) Axial MIP image. Note the MIP
shows bilateral asymmetric enhancement. The MRI demonstrates suspicious non mass enhance-
ment in the contralateral breast (white dash arrow). (e) Axial pre-contrast non-fat saturated
T1-weighted image (f) Axial first post-contrast fat saturated T1-weighted image (g) Axial first
post-contrast subtracted T1-weighted image. MR biopsy of the left breast yielded fibrocystic
change and marked adenosis deemed concordant with imaging findings

post-contrast and subtraction MIP images. As all the patients had cancer, this study
addressed cancer visualization but did not simulate a true screening environment.
Nonetheless results for cancer localization and detection were promising as all 100
cancers (21 DCIS and 79 invasive cancers; mean cancer size 2.2 cm) were visual-
ized on initial reading of the abbreviated protocol by at least one reader and 92/100
by all four readers (Fig. 16.2). This resulted in a mean sensitivity of 96 % for the
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Table 16.2 Comparison of sensitivity, specificity, negative predictive value (NPV) and positive
predictive value (PPV) of published abbreviated protocols compared to the full diagnostic MR
protocol

Sensitivity* Specificity PPV |NPV
MIP (Kuhl et al.) 90.9 NA NA 99.8
Ist post (Kuhl et al.) 100 94.3 244 100
Full MR (Kuhl et al.) 100 93.9 23.4 100
MIP (Mango et al.) 93 NA NA NA
Ist post (Mango et al.) 96 NA NA NA
1st post sub (Mango et al.) 96 NA NA NA
Abbreviated 1 (Grimm et al.) 86 52 NA NA
Abbreviated 2 (Grimm et al.) 89 45 NA NA
Full MR (Grimm et al.) 95 52 NA NA
Abbreviated (Trimboli et al.) 78 87 74 90
abbreviated 1 (Heacock et al.) 97.8 NA NA NA
abbreviated 2 (Heacock et al.) 99.4 NA NA NA
abbreviated 3 (Heacock et al.) 99.4 NA NA NA

NA not available
20r percentage detected in studies of only cancer cases

Table 16.3 Comparison of time to acquire and read the full diagnostic breast MRI to the
abbreviated protocol

Full Full protocol Abbreviated protocol
protocol radiologist Abbreviated radiologist
scan time | interpretation time | scan time interpretation time
Kuhl et al. 17 min NA 3 min 28's
Mango et al. 30-40 min | NA 10-15 min® 44 s
Grimm et al. 30-45 min | 2.95 min 2.98 min
(abbreviated 1)
Heacock et al. 35 min 15 min 7 min 14-25.4s
(abbreviated 1)

dincluded time for patient instructions, transition between sequences and getting patient on/off
table, other studies report acquisition time only

first post-contrast sequence, 96 % for the first post-contrast subtraction and 93 % for
the subtraction MIP sequence, the MIP sequence was statistically significantly infe-
rior. These sequences were interpreted together as one examination and there was
no significant difference between sensitivities for the different readers. Both the
Kuhl and Mango studies suggest the subtraction MIP sequence alone is not suffi-
cient for detection of all cancers. Kuhl et al. also noted that MIP images did not
provide enough information for the reader to provide a BI-RADS assessment if a
lesion was present and thus readers in that study simply determined the presence or
absence of significant enhancement (i.e. above background parenchymal
enhancement) when reading the MIP alone. However, they found just the first post-
contrast image was sufficient to provide a BI-RADS assessment.
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Fig. 16.2 Fifty-four-year-old woman with right 12:00, 0.7 cm invasive ductal carcinoma (white
arrow). (a) Mammogram, MLO image. Cancer mammographically occult. Selected MR sequences
provide an example of the abbreviated breast MRI protocol investigated by Mango et al. [32]. (b)
Sagittal precontrast fat saturated T1-weighted image, cancer not visualized (c) Sagittal early post-
contrast fat saturated T1-weighted image (d) Sagittal postcontrast T1-weighted subtraction image
(e) Sagittal subtraction MIP

Similar to the Kuhl study, Mango et al. demonstrated decreased image acquisi-
tion and radiologist reading times. They estimated the abbreviated imaging protocol
to take 10-15 min of magnet time including image acquisition, patient transitions/
instructions and contrast injection compared with 30-40 min for the full protocol.
Interpretation of the abbreviated protocol averaged 44 s compared with published
mean time to read standard breast MRI of 4.7 min [33].
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A more recent study by Heacock et al. supports these results and examines utili-
zation of the T2-weighted sequence and history/prior imaging in an abbreviated MR
protocol [34]. Their abridged protocol consisted of T1-weighted images (non-
contrast, first post-contrast and first post-contrast subtraction sequences) read with
and without history/prior imaging available (abbreviated protocols 1 and 2). An
additional reading was performed with T2-weighted images also available (abbrevi-
ated protocol 3). Total MR acquisition time was 12 min including a reported 5 min
for the T2-weighted sequence. Looking at 107 patients with known unifocal breast
carcinoma they found all cancers were identified on the T1-weighted sequences by
at least one reader with a mean cancer detection rate of 97.8-99.4 %. T2-weighted
imaging increased lesion conspicuity but did not improve cancer detection. Given
study design the effect of T2-weighted images on specificity could not be evaluated.
Mean interpretation times for 3 readers for T1-weighted sequences was 14.0-25.4 s
with T2-sequences adding an average of 5.0-9.9 s to the interpretation time.
Improved cancer detection rates were seen for all readers with prior imaging and
clinical history available.

Studies of such abbreviated protocols highlight limitations when depending on
just a few sequences for interpretation. For example, a protocol consisting of a sin-
gle MIP image may be insufficient for interpretation due to extensive background
parenchymal enhancement (BPE) or subtraction errors secondary to patient motion.
Kuhl et al. noted 3.6 % of their cases required reading of the complete abbreviated
protocol due to these limitations on the MIP [28] (Fig. 16.1). Additionally, lack of
the T2 sequence eliminates assessment for lesion T2 hyperintensity which may
enable the benign assessment of a finding. Absence of a T1 non-fat saturated image
may limit diagnosis of fat necrosis or identification of an intramammary node fatty
hilum and result in patients being recalled for the full diagnostic exam [32]. In addi-
tion, only obtaining one post-contrast sequence prohibits kinetic analysis of a lesion.

Before abbreviated breast MRI is utilized as a mass population screening tool
one must also consider the indirect costs of the abbreviated protocol through
BI-RADS 3 follow up or biopsy recommendations. In Kuhl’s study the full diagnos-
tic protocol and complete abbreviated protocol performed similarly for cancer
detection and had similar false-positive diagnoses; however, the full protocol
enabled downgrading of 37.7 % of lesions (20 of 53) to BI-RADS 2 initially char-
acterized as BI-RADS 3 on the complete abbreviated protocol [28]. This supports
the impression that the full protocol sequences assist more in lesion characterization
than lesion detection. In patients with BI-RADS 3 lesions on the abbreviated MR
exam a decision must be made to perform a full diagnostic exam for further lesion
characterization versus 2 year abridged MR imaging follow up to assess for stabil-
ity. A cost benefit analysis is necessary to see if the expense and time of the full
diagnostic protocol would be worthwhile in this setting. Interestingly Kuhl et al.
also demonstrated that reading the full diagnostic protocol upgraded lesion assess-
ment to BI-RADS 4 in 4 of 53 women, leading to biopsy of a papilloma but no
additional cancers. Thus the additional sequences of the full diagnostic protocol did
not always improve patient outcomes and may result in additional procedures in a
few cases.
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These studies have focused on the early postcontrast phase as it is thought early
arterial enhancement is best suited for visualization of invasive breast cancers [28];
however, optimal timing needs to be established. A recent study by Grimm et al.
looked at the addition of a second post-contrast image and a T2 weighted image to
an abbreviated protocol [20]. T2 hyperintensity may increase exam specificity by
enabling benign assessment of a finding; however, it adds substantial scan time,
reportedly 6 min for the T2 sequence in this study compared with 2 min each for T1
pre and post contrast images [20]. In Grimm’s study three fellowship-trained breast
imagers evaluated 48 breast MRIs (24 normal, 12 benign and 12 malignant-3 DCIS
and 9 invasive cancers) from a high risk screening population comparing two abbre-
viated protocols to the full diagnostic protocol. The first abbreviated protocol
(abbreviated 1) included fat-saturated pre contrast T2-weighted and first post con-
trast T1-weighted images. Readers had the option to generate a first post contrast
subtraction image at the workstation. The second abbreviated protocol (abbreviated
2) included those same images plus a second post contrast T1-weighted sequence
that enabled generation of kinetic curves (Fig. 16.3). They observed no statistically
significant difference in sensitivity or specificity between the two abbreviated pro-
tocols and the full protocol. Lower specificities, 52 % abbreviated 1, 45 % abbrevi-
ated 2 and 52 % full protocol, compared to those typically reported in prospective

Fig. 16.3 Fifty-three-year-old female with right 12:00, 2.2 cm invasive ductal carcinoma (white
arrow). Selected sequences provide an example of the abbreviated breast MRI protocol (abbrevi-
ated 1) investigated by Grimm et al. [20] (a) Axial fat saturated precontrast T2-weighted image (b)
Axial pre contrast T1-weighted image (c¢) Axial first post-contrast T1-weighted image. Readers
had the option to generate a first postcontrast subtraction image at the workstation. The second
abbreviated protocol (abbreviated 2) included those same images plus (d) a second postcontrast
T1-weighted sequence which enabled generation of kinetic curves
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breast MR studies [6, 8, 9, 35] were likely because the study population included
25 % biopsy proven benign lesions and readers did not have access to prior studies
or correlation with other modalities [20]. Interestingly, the ability to calculate lesion
kinetics did not alter specificities given the abbreviated 1 and abbreviated 2 proto-
cols performed similarly. Surprisingly reader interpretation times were not signifi-
cantly different for the abbreviated 1 and full diagnostic protocol (2.98 vs 2.95 min)
and the authors hypothesize that the additional sequences in the full diagnostic pro-
tocol are either not routinely used for assessment or alternatively readers spent more
time on abbreviated sequences to be confident in their interpretations in the absence
of additional sequences [20]; further study into this is necessary.

The sensitivity of breast MRI in these studies of abbreviated protocols is compa-
rable to the sensitivity of the breast MRI full diagnostic protocol reported by other
investigators including a meta-analysis of 44 breast MRI studies which calculated a
pooled sensitivity of 0.90 and specificity of 0.72 [36] (Table 16.2). In comparison,
the sensitivity of screening breast ultrasound is considerably lower than breast MRI
and has higher false positive results [2, 31].

Additional efforts to shorten the standard diagnostic breast MRI protocol but
maintain dynamic contrast information have come from Mann et al. looking at
obtaining such information with time-resolved angiography with stochastic trajec-
tories (TWIST) instead of standard dynamic post-contrast sequences [37]. The
TWIST technique captures contrast inflow to lesions (as opposed to the washout
phase) allowing calculations for rate of enhancement. This ultrafast sequence heav-
ily undersamples the outer part of k-space and shares data points between succes-
sive time points (known as view sharing) to improve spatial resolution [37]. As
image contrast is determined by the center of k-space the rate of enhancement can
still be accurately measured [37]. Visually this enables successive MIPs presented
as a movie of contrast inflow with “light bulb” tumor enhancement before the
remainder of the normal breast facilitating lesion detection. This differs from stan-
dard breast MRI where vessels on subtraction MIPs are usually venous in origin
[37]. Mann et al. interleaved 20 ultrafast TWIST acquisitions during contrast inflow
in a regular high-resolution dynamic MRI protocol for a total sequence duration of
102 s. They calculated the maximum slope of the contrast enhancement versus time
curve (MS) as a dynamic parameter to differentiate benign and malignant disease.
Looking at 199 enhancing lesions (95 benign and 104 malignant) with pathology or
2 year follow up available they compared the MS obtained from the TWIST to the
kinetic curves from the conventional dynamic contrast enhanced MRI as defined by
the BI-RADS lexicon. They found all lesions were visible on the TWIST and
standard series. The TWIST MS allowed discrimination between benign and malig-
nant disease, the steeper the MS the higher the likelihood of malignancy, with maxi-
mum slope as a dynamic parameter achieving a higher accuracy in differentiation
between benign and malignant disease than traditional BI-RADS curve type analy-
sis [37]. Based on ROC curve analysis, regarding all lesions with an MS higher than
6.4 %/s to be malignant results in 90 % sensitivity and 67 % specificity. Such a
technique could allow acquisition of dynamic information in a fraction of the time;
however, future studies are warranted to determine utility in a screening setting.
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Also assessment of lesion morphology on TWIST images was beyond the scope of
their study. Having MS data for lesion characterization may be useful to improve
sensitivity and specificity of an abbreviated protocol without significantly lengthen-
ing the exam.

Other authors have examined shortening the breast MRI exam by eliminating
contrast administration and utilizing diffusion weighted imaging (DWI). DWI pro-
vides information about the degree of water molecule diffusion which is inversely
correlated with tissue cellularity and cell membrane integrity [38]. Breast cancers
have been shown to have high signal and increased conspicuity on DWI [39]
(Fig. 16.4). Trimboli et al. looked at an unenhanced protocol in 67 women using
axial T1-weighted gradient-echo, T2-weighted STIR, and echo-planar DWI with

Fig. 16.4 Sixty-seven-year-old female with left 2:00, 3.1 cm invasive ductal carcinoma and DCIS
(white arrow). MR demonstrates an irregular, heterogeneously enhancing mass with central sus-
ceptibility artifact consistent with a biopsy clip marking the site of biopsy-proven malignancy. (a)
Axial precontrast fat saturated T1-weighted image (b) Axial first postcontrast fat saturated
T1-weighted image (c) Axial first postcontrast subtracted T1-weighted image and (d) Axial MIP
image. (e) DWI showed low ADC values (0.782 x 10~ mm?s) consistent with a malignancy
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associated ADC maps which enabled breast cancer detection with a sensitivity of
78 % and specificity of 90 % [26]. It is notable the sensitivity of this technique is less
than reported for other abbreviated protocols and detected cancers appear to be
larger, with a median size of 1.7 cm, possibly due to decreased resolution; however
this was not a screening population. The authors point out the sensitivity is compa-
rable to that of screening mammography in the general population [26] and specific-
ity of their abbreviated protocol is improved in the absence of contrast likely due to
lack of enhancing normal tissue or enhancing benign lesions [5, 36]. This study did
not demonstrate improved sensitivity despite double reading; however, unlike the
other cited studies, the two readers in this study were residents and not experienced
breast radiologists, likely limiting results. The lower spatial resolution of DWI lim-
its its use in isolation [39] with the greatest limitation seen in identification of
cancers manifesting as nonmasslike enhancement, 60 % (3/5) of non-mass cancers
were missed compared with 18 % (5/28) of those with mass enhancement [26]. Also
this MR population included symptomatic women and patients undergoing extent of
disease evaluation for known breast cancer resulting in a 32 % breast cancer preva-
lence, much higher than the general population or a high risk screening group [26].

Breast radiologists are currently faced with difficult questions about what modal-
ities to utilize for supplemental screening and which patients should be offered
supplemental screening. There is a lack of consensus for such recommendations at
a time when these questions are asked with increasing frequency given how many
states now mandate patient notification of breast density [40, 41]. Patients with
heterogeneously or extremely dense breasts on mammography have an increased
risk of developing breast cancer but as an independent risk factor these patients do
not meet the 20 % risk threshold to qualify for MR screening under current guide-
lines [42, 43]. Additionally MRI demonstrates the highest sensitivity for breast
carcinoma detection regardless of breast density, thus patients with scattered fibro-
glandular tissue or fatty breasts may benefit from breast MRI as well [44]. The
advantages of screening with MRI over other modalities such as ultrasound include
an improved PPVj, the positive predictive value for malignancy of biopsied lesions
detected at screening [41]. Decreased image acquisition and reading time in the
screening MR setting could potentially decrease cost and increase women’s access
to screening breast MRI without sacrificing diagnostic accuracy and cancer yield.
Additionally as studies have demonstrated additional small invasive cancers with
negative nodes not detected on mammography, ultrasound or physical exam, initial
results seem promising to hopefully demonstrate a mortality benefit of abbreviated
MRI on future studies.

Limitations of abbreviated breast MR studies to date include performance at high
volume centers with most readings done by experienced dedicated breast radiolo-
gists which may reduce applicability of the currently available data to the commu-
nity practice setting. Some hypothesize the radiologists’ learning curve associated
with increased breast MRI volume would be similar to that undergone by the radiol-
ogy community at the beginning of screening mammography programs [28]. Most
of the currently available studies did not include pure screening populations, limit-
ing our ability to generalize results to these populations and thus caution in applying
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these results in practice is warranted. In addition it is important to note that MRI
acquisition time estimates for the abbreviated protocol may not accurately reflect
the entire time the MRI room is occupied given time spent transitioning patients on
and off the table, providing patient instructions and contrast injection time.
Additionally most studies did not allow readers to utilize important information
normally available in a clinical setting such as exam indication, prior MRI studies
and correlation with patient’s prior mammogram or breast ultrasound potentially
improving results in a true practice setting. Finally, another hurdle to the implemen-
tation of an abbreviated MRI is cost. Currently, the vast majority of third-party car-
riers are not reimbursing for this study. Therefore, the cost of the abbreviated MRI
exam may fall on the patient. In private communication, (non published data), a
practice in Michigan has performed over 671 abbreviated MRI exams that were paid
for by one third party carrier.

Future research into the applicability of abbreviated breast MRI screening is
needed including refining which sequences should be included to improve specific-
ity and looking at the cost-benefit analysis for average to intermediate risk patients
and true screening populations. It remains to be seen if initial results are applicable
to general radiologists and to mass population screening. Some authors point out
further study is necessary to determine time spent reading individual sequences and
to determine the influence of that sequence on the final BI-RADS assessment [20].
In addition, in the context of screening breast MRI at regular intervals one notes that
the long-term effect of annual or biannual IV administration of gadolinium for
decades is unknown [26].

16.1 Conclusions

Overall the currently available data suggests that abbreviated breast MRI is feasible
without sacrificing sensitivity or specificity, compared with the standard full diag-
nostic MR protocol. Abbreviated-MRI may have the potential to decrease costs
associated with the exam and increase patient access to breast MRI. Larger prospec-
tive studies are necessary to refine abbreviated protocols in patients with various
levels of risk and ultimately as our healthcare system focuses on value based care,
demonstrate a patient mortality benefit at an acceptable cost through mass MRI
screening with an abbreviated protocol.
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Chapter 17
Personalized Medicine, Biomarkers of Risk
and Breast MRI

Elizabeth J. Sutton, Nina Purvis, Katja Pinker-Domenig,
and Elizabeth A. Morris

Abstract Breast cancer is a heterogeneous disease with inter- and intra-tumor
genetic variation impacting predictive and prognostic risk. This chapter discusses
the use of breast MRI, the most sensitive imaging modality for high-risk screening
and pre-operative assessment, to predict breast cancer risk, to define extent of dis-
ease and to monitor neoadjuvant chemotherapeutic response at the level of the indi-
vidual patient. In the current clinical landscape, immunohistochemical surrogates
are used to define molecular subtypes and personalized cancer treatment and care.
Radiogenomics involves the correlation of genomic information with imaging fea-
tures. Feature extraction from breast MRI is being pursued on a large scale as a
potential non-invasive means of defining molecular subtypes and/or developing
phenotypic biomarkers that can be clinically analogous to commercially available
genomic assays. Neoadjuvant chemotherapy, treatment administered in opera-
ble cancers before surgery, is increasingly used, allowing for breast conserva-
tion in women who would traditionally require mastectomy. As breast cancer
genetic molecular subtypes are predictive of recurrence free and overall survival,
treatment based on breast cancer molecular subtype and breast MRI is critical in
evaluating response though improvement in its sensitivity for pathologic complete
response. Breast MRI in the neoadjuvant cohort has provided biomarkers of
response and insight into the biologic basis of disease. MRI is at the forefront of
technology providing prognostic indicators as well as a crucial tool in personalizing
medicine.
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17.1 Introduction

Breast cancer prevention based on risk-adjusted screening and targeted therapeutics
based on genetic molecular subtype both epitomize personalized cancer care. Breast
magnetic resonance imaging (MRI) is the most sensitive imaging modality for both
high-risk screening and diagnoses. MR images are now being mined for informa-
tion pertaining to the biologic basis of this disease. This chapter will explore the
evolving role of breast MRI in predicting risk as well as in defining biomarkers of
breast cancer and its response to treatment.

17.2 Breast Cancer Risk

Despite tremendous advances in the understanding of breast cancer, it remains
unknown which individuals will ultimately develop breast malignancy. In addition,
the type of breast tissue that fosters a microenvironment conducive to the growth of
breast cancer also remains unknown.

We do know that certain genetic mutations and phenotypic syndromes result in a
high, greater than or equal to 20 %, lifetime risk of breast cancer and these include
the deleterious type 1 or 2 BRCA mutation, Li-Fraumeni syndrome, Cowden syn-
drome and Bannayan-Riley-Ruvalcaba syndrome as well as all of their respective
first-degree relatives. We also know that women with a history of chest irradiation
also have a high lifetime risk of breast cancer. Other genomic biomarkers of breast
cancer, including a moderately penetrant mutation of the CHEK?2 gene, have been
identified and will continue to be with variable penetrance [1].

The role of breast MRI continues to evolve in the screening of women with a low
or moderate risk of breast cancer, even as current recommendations state that evidence
is insufficient for or against its use. Currently, in the United States of America,
high-risk breast MRI screening is performed as an adjunct to mammography in the
aforementioned women as well as in women with a strong family history and who are
defined as high-risk based upon a risk assessment model [2, 3]. High-risk screening
with MRI has been associated with a significant increase in overall survival com-
pared to a mammography-only screening [4].

Breast MRI has now been used as a screening tool for almost 20 years. There is
a vast amount of information contained within MRI images that can be processed
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to identify and validate potential biomarkers associated with individual patient
risk or an outcome. An imaging biomarker is a broad term for either a feature or
prognostic indicator of biologic behavior that is detectable in an image.
Biomarkers can either be qualitative or quantitative. Researchers are exploring
if breast tissue can be used as a biomarker of risk. We discuss fibroglandular
tissue and background parenchymal enhancement as imaging biomarkers of risk
below.

17.2.1 Fibroglandular Tissue

The amount of fibroglandular tissue, often referred to as breast density, is strongly
associated with increased risk of breast cancer [5, 6]. The underlying reason why
women with dense breasts have a higher risk of breast cancer remains unclear [7].
Currently, the amount of fibroglandular tissue on MRI is a qualitative assessment
made by the radiologist and even when standardized criteria is used there remains
significant inter- and intra-observer agreement variability (the degree is unclear due
to the paucity of research in this area). Because of this strong association between
the amount of fibroglandular tissue and breast cancer, research into the development
of computer-assisted devices for fibroglandular tissue segmentation began in the
1990s [8]. There is continuing research focusing on the development of robust com-
puter algorithms that can automatically segment fibroglandular tissue and provide a
quantitative metric of volume and density. Different methods are being evaluated
including fuzzy clustering and fuzzy-C-means; however, a detailed review of all
techniques is beyond the scope of this chapter [9]. At this time, there is neither any
clinically available software program nor agreement regarding the most accurate
and robust method of segmentation that can be applied universally across different
images and vendor platforms.

17.2.2 Background Parenchymal Enhancement

Background parenchymal enhancement refers to the proportion of normal fibro-
glandular tissue that enhances [5]. It is physiologically defined as the amount of
contrast agent that reaches normal fibroglandular breast tissue and is an indicator of
blood perfusion to the normal tissue [10, 11]. As with the amount of fibroglandular
tissue, the degree of background parenchymal enhancement is also a significant
predictor of breast cancer. Specifically, increased background parenchymal
enhancement is associated with an increased risk of breast cancer [7]. Similar to
fibroglandular tissue, background parenchymal enhancement is evaluated qualita-
tively by a radiologist (Fig. 17.1) [10, 11]. Background parenchymal enhancement
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has also been shown to be affected by factors such as hormonal status, menopausal
status, age and hormonal therapies [5].

Computer algorithms are also being developed to provide a quantitative metric of
background parenchymal enhancement [12, 13]. From a computing standpoint, this
is more complicated then the volumetric assessment of fibroglandular tissue because
it involves the evaluation of contrast enhancement, which itself is dependent on a
number of different factors. A detailed discussion is beyond the scope of this chap-
ter, but variables include time, type of contrast and dose. Robust and standard quan-
titative methods are needed but do not currently exist.

There has been current investigation into whether background parenchymal
enhancement in the healthy breast can be predictive or prognostic of the breast
cancer in the contralateral breast. In a recent study, authors reported that neoad-
juvant chemotherapy patients with higher pre-treatment background parenchy-
mal enhancement in the contralateral normal breasts went on to show a
significant decrease of background parenchymal enhancement early after neo-
adjuvant chemotherapy and were more likely to achieve pathologic complete
response [14]. Another study evaluated the parenchymal enhancement in the
contralateral breast in patients with unilateral breast cancer; the results sug-
gested that parenchymal enhancement was significantly associated with long-
term outcome [15].

No studies to date have employed the power of more than a few parameters
together to explore background parenchymal enhancement as a predictive bio-
marker, nor have they tried to quantify it on a voxel-by-voxel basis. Background
parenchymal enhancement should be further utilized by exploring its potential as a
predictive biomarker through the means of multiparametric MRI and advanced
image analysis.

Analysis of information inherent in breast MRI images such as fibroglandu-
lar tissue and background parenchymal enhancement may ultimately lead to the
development of risk-adjusted screening algorithms. Understanding the impact
of these entities for risk has the potential to obviate the current blanket recom-
mendation for a yearly screening mammogram beginning at the age of 40 as
recommended by the American College of Radiology [16] and the Society of
Breast Imaging [17]. Larger studies are needed to investigate and support this
possibility.

Fig. 17.1 Axial T1 fat-suppressed images before (a) and after (b) the administration of intrave-
nous contrast in a woman with extremely dense fibroglandular tissue and marked background
parenchymal enhancement on the first post-contrast image (b)
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17.3 Breast Cancer Genetics

Our current understanding of breast cancer genetics continues to evolve rapidly. As
researchers increasingly perform next generation DNA and RNA sequencing, our
understanding of breast cancers will continue to grow and the currently defined
molecular subtypes described below will likely become further subcategorized in
the next few years.

Breast cancer is a heterogeneous disease. The discovery of different molecular
subtypes based upon genetic variation has markedly impacted the treatment of
breast cancer and helped develop the concept of personalized clinical care [18].
These subtypes have been shown to be predictive of disease-free and overall sur-
vival [19] and are used to guide targeted therapy. Full genome sequencing of all
diagnosed breast cancers is not yet a clinical reality, although it is possible for a
price. Therefore, immunohistochemical surrogates, specifically estrogen receptor
(ER), progesterone receptor (PR) and human epidermal growth factor receptor 2
(HER?2) status, are used to approximate the following molecular subtypes: 1- lumi-
nal A (ER positive (+) and/or PR+, HER2 negative (-)), 2- luminal B (ER+ and/or
PR+, HER2 +), 3- HER2-over-expressing (ER-, PR- and HER2+) and 4- basal-like/
triple negative (ER-, PR- and HER2-) (Fig. 17.2). The luminal A subtype is the most
common and is significantly associated with the best disease-free and overall
survival compared to luminal B, HER2-overexpressing and basal-like subtypes.
HER2-overexpressing and basal-like subtypes have the worst outcome. However,
Herceptin has significantly improved the disease free and overall survival of HER-
2-overexpressing cancers [19].

In addition, within each molecular subtype, it is becoming increasingly clear that
there is genotypic variation between tumors (inter-tumoral heterogeneity). This

Fig. 17.2 Axial T1 fat-suppressed post-contrast images of (a) Estrogen Receptor positive HER2
negative (b) HER2 overexpressing and (c¢) Triple negative breast cancers (arrows). Research is
currently evaluating if the MR imaging phenotype correlates with the molecular subtype
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knowledge has resulted in the development and clinical use of predictive and prog-
nostic assays. For example, the American Society of Clinical Oncology has recom-
mended the clinical use of Oncotype Dx (Genomic Health, Redwood City, CA) in
early-stage ER+/HER2- invasive breast cancers because it has been shown to be
both predictive (likelihood of recurrence) and prognostic (magnitude of chemother-
apy benefit). Oncotype Dx is a clinically validated, gene-expression based prognos-
tic and predictive assay that incorporates the mRNA expression of 21 genes, resulting
in the so-called Recurrence Score. This Recurrence Score quantifies the magnitude
of chemotherapy benefit as well as the 10-year risk of distant recurrence, both
increasing with higher Recurrence Scores [20]. This Recurrence Score significantly
impacts treatment decisions; women with low recurrence scores can avoid unneces-
sary chemotherapy [21]. Mammaprint (Agendia) and PAMS50 (Prosigna) are other
predictive and prognostic genomic assays, which are both clinically available.

Breast MRI is the most sensitive imaging modality for tumor characterization
and accurate size measurement at present. There have been major technological
advances in MRI which complement the above-described discoveries of the genetic
heterogeneity of breast cancer. Advances in MRI include the now clinically avail-
able 3-Tesla MRI scanners as well as 8 and 16-channel breast coils. High temporal
and spatial resolution imaging is also now a clinical reality. Isotropic MR imaging,
which means the voxel is equal in three dimensions allows for multiplanar recon-
struction. Clinical indications for breast MRI include pre-operative evaluation to
define extent of disease in newly diagnosed breast cancer [5, 22]. Clinically, tumors
are still characterized by using the American College of Radiology Breast Imaging-
Reporting and Data System (BI-RADS) Lexicon. Besides tumor size measurement,
BI-RADS characteristics are qualitative assessments of tumor features or semi-
quantitative analyses of contrast enhancement Kinetics.

One consequence of technological advances in imaging is that a large volume of
data exists. Data mining (also referred to in the literature as data or knowledge dis-
covery) involves computer extraction and analysis of data with the goal of discover-
ing useful information. As it pertains to the field of radiology, this type of computer
analytics is referred to as ‘radiomics’. Radiomics involves the computer extraction
and analysis of quantitative imaging features [23]. One example of this is in the
characterization of tumor morphology, texture and enhancement kinetics [24]. This
data can be used to build models, which could be used to predict tumor type, behav-
ior or response. Radiomics enables the correlation of imaging phenotypes with
genomic information; this is called radiogenomics [25].

Currently the benefit of radiomics and radiogenomics is the identification of
tumor imaging biomarkers. As explained earlier in this chapter, an imaging
biomarker is a broad term implying either a biologic feature or indicator of biologic
behavior that is detectable on an image. Biomarkers are either qualitative or quanti-
tative. A quantifiable imaging biomarker is one that can be objectively measured,
which is preferable because it eliminates inter-reader variability and allows change
to be assessed on follow-up scans. This is particularly relevant to those patients
undergoing treatment. A simple example of a quantifiable imaging biomarker is
tumor size. The types of biomarkers that are being researched are broad but include
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subtle imaging changes, often imperceptible to the eye (features that can be gener-
ated by sophisticated computer algorithms) as they pertain to biology, physiology
and treatment response, functioning as surrogate markers of tumor behavior and/or
endpoints.

Research in this area includes the development of predictive models that corre-
late breast cancer MRI features with breast cancer molecular subtypes [26-28]. For
example, machine-learning-based (support vector machines) models using leave-
one-out cross validation have been used to identify significant MR image features
associated with three different invasive ductal carcinoma molecular subtypes
(ERPR+ (n =95, 53.4 %); ERPR-/HER2+ (n = 35, 19.6 %); triple negative (n = 48,
27.0 %)). This study developed a predictive model that could distinguish the breast
cancer (n = 178) with significant predictive power. When combining the top nine
imaging features, the model distinguished the subtypes with an overall accuracy of
71.2 % [26].

Breast cancer MRI features are also being correlated with clinically available
genomic assays [29, 30]. MR morphologic and texture-based image features of
ER+, PR+ and HER2- invasive ductal carcinomas have been extracted to investi-
gate their association with Oncotype Dx. Ninty-five patients were included with a
median Oncotype Dx Recurrence Score of 16 (range: 0—45). Using stepwise multi-
ple linear regression, a model was developed using imaging and pathology informa-
tion that correlated with the Oncotype Dx recurrence score [30]. Additionally, MR
imaging radiomics of 108 breast cancers from The Cancer Imaging Archive (TCIA;
(http://www.cancerimagingarchive.net)) have been correlated with their respective
genomic analyses in The Cancer Genome Atlas (TCGA)—both of which are open-
source and open-access information resources [31]. This study also demonstrated
significant associations between breast cancer MR radiomics signatures and multi-
gene assay recurrence scores, specifically Mammaprint (Agendia), Oncotype Dx
and PAMS0 risk of relapse based on subtype (Prosigna) [29].

Currently, researchers are using different computer algorithms to extract MR
imaging phenotypes. Large scale datasets are necessary to validate all observations
are needed and this will be facilitated by multi-institutional collaboration. This will
allow researchers to test their results models on MR images acquired by different
vendors, magnet strength and imaging protocols.

17.4 Therapy

As stated above, breast cancer encompasses a heterogeneous group of tumors; this
heterogeneity results in very different outcomes. Targeted systemic therapy, based
upon a tumor’s molecular subtype, epitomizes the concept of precision medicine.
Breast cancer systemic recurrence remains a major cause of morbidity and mortality
[32]. Historically, chemotherapy was administered after tumor surgical resection
and was termed adjuvant chemotherapy. Recently, research has demonstrated equiv-
alent success of adjuvant and neoadjuvant chemotherapy in preventing breast cancer
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Fig. 17.3 HER?2 overexpressing right breast cancer axial T1 fat-suppressed post-contrast image
pre (a) and post (b) neoadjuvant chemotherapy (arrows). This case was interpreted as a complete
radiologic response because of the absence of any residual enhancement on the post-neoadjuvant
chemotherapy images (b). Surgical excision confirmed a complete pathologic response

local recurrence. Neoadjuvant chemotherapy (NAC) is used to treat breast cancer
pre-operatively and historically it was used for patients with inflammatory or inop-
erable locally advanced breast cancer. A major shift in breast cancer treatment is
currently taking place whereby NAC is being increasingly used because it enables
more patients to be treated with breast-conserving surgery whereas traditionally
they would have required a mastectomy [32, 33]. NAC is now being increasingly
used to establish tumor chemosensitivity in vivo with the goal of a pathologic com-
plete response [34]. Pathologic complete response, an intermediate endpoint, serves
as a biomarker for improved disease free and overall survival [34]. The focus in this
section will be on the use of NAC since MRI plays a critical role in operable breast
cancer. Discussion of all oncologic treatments exceeds the breadth of this chapter.

A study in 2006 reported that approximately 70 % of patients responded to NAC,
with pathologic complete response (pCR) in 13-26 % [35]; however, more recent
studies suggest the pCR rate is higher [36, 37]. Breast cancer genetics plays a sig-
nificant role: it has been shown that the likelihood of a tumor responding to NAC is
based upon its specific subtype, with triple negative and HER2 over-expressing
tumors having a higher likelihood of complete pathologic response (pCR), of up to
38.2 % and 45.4 %, respectively (Fig. 17.3, 17.4, and 17.5) [36, 37]. Currently, no
imaging biomarker has been validated to detect a pathologic complete response post
NAC preoperatively. Therefore, all patients still undergo breast surgery post NAC.

As our understanding of breast cancer genetic subtypes expands, so too the avail-
ability of novel therapies will increase. The National Comprehensive Cancer
Network guidelines currently recommend a breast MRI before and after
NAC. Clinical breast MRI detects breast cancer by contrast enhancement related to
tumor angiogenesis; quantitative guidelines to determine complete pCR are lacking.
Better methods are needed to detect complete pCR. The definition of a pCR varies
with some groups defining it as the absence of residual invasive breast cancer (duc-
tal carcinoma can be present) while others define it as the absence of residual inva-
sive and in situ breast cancer [38].
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Fig. 17.4 Triple negative right breast right breast cancer axial T1 fat-suppressed post-contrast
image pre (a) and post (b) neoadjuvant chemotherapy (arrows). This case was interpreted as a
partial radiologic response because there has been a decrease in size of the persistently enhancing
mass on the post-neoadjuvant chemotherapy images (b). Surgical excision confirmed a partial
pathologic response

N\

Fig. 17.5 Estrogen receptor positive HER2 negative left breast cancer axial T1 fat-suppressed
post-contrast image pre (a) and post (b) neoadjuvant chemotherapy (arrows). This case was inter-
preted as a partial radiologic response because there has been a decrease in size of the persistently
enhancing mass on the post-neoadjuvant chemotherapy images (b). Surgical excision confirmed a
partial pathologic response

One novel MRI approach to detect complete pCR combines multiparametric
breast MRI parameters, enabling a voxel-based analysis of hemodynamics and
other changes in tumor physiology including perfusion, diffusion and metabolism
[39]. Such techniques may improve overall sensitivity and specificity for evaluation.
The literature substantiate the claim that employing multiple MRI parameters in
combination has the highest diagnostic accuracy, increasing both sensitivity and
specificity (Fig. 17.6) [38, 40]. Post-processing techniques enable volumetric voxel-
based analysis of histograms and co-occurrence matrices, generating information
that is imperceptible to the eye but improves evaluation of treatment response. A
recent study of 48 patients undergoing treatment with NAC found that multipara-
metric MRI response maps could reliably predict pCR after one cycle of
NAC. Specifically, mean voxel signal intensity was lower in those women who went
on to have pCR [39].
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Fig. 17.6 Multiparametric PET-MRI at 3 T with DCE MRI, DWI, 3D 'H-MRSI and the radio-
tracer [ FIFDG: Poorly differentiated invasive ductal carcinoma in a 46-year-old woman at 2
o’clock in the right breast. (a) The irregularly shaped and marginated mass showed rapid wash-in
enhancement followed by plateau kinetics and was classified as BI-RADS 5 (arrow). (b) The mass
demonstrates decreased ADC values (1.089 x 10~ mm?/s) on DWI (arrow). (¢) The mass (arrow)
has a heterogeneous initial strong enhancement and plateau curve. (d) In 3D 'H-MRSI there is a
choline peak at 3,2 ppm and (e) in ['"*F]JFDG PET, the mass is highly ["*FIFDG avid (arrow). (f)
Multiparametric PET-MRI accurately classified the mass as malignant (arrow)
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Other studies have also demonstrated that diffusion weighted imaging (DWI) is
a robust method of distinguishing breast cancers that respond to NAC. Apparent
diffusion coefficient (ADC) values can increase post NAC, which is thought to be
due to the decrease in tumor cellularity [41, 42]. Further, lower tumor ADC values
have been reported to be associated with breast cancers that are more likely to
respond to NAC [43]. Intravoxel incoherent motion (IVIM), a method that uses a
DWI sequence, can provide microcirculatory perfusion information. Such informa-
tion can reveal the state of the tumor before NAC and identify changes induced by
treatment. T2-weighted imaging can provide information about tumor edema related
to breast cancer cell death. T1 and T2 mapping techniques may be used to provide
a quantitative assessment of the breast cancer before and after NAC by measuring
T1 and T2 relaxation times. High temporal and spatial resolution dynamic contrast
enhancement (DCE) will provide information regarding tumor morphology, angio-
genesis and tumor vascularity. High temporal resolution DCE has also been shown
to provide functional information pertaining to gadolinium uptake curves, improv-
ing the ability to detect changes in the pharmacokinetic modeling parameters, espe-
cially volume transfer constant (K"**) [44]. The role of high temporal resolution
MR imaging in predicting breast cancer NAC response is being investigated. For
example, tumor subregion heterogeneity associated with fast washout was found to
predict pathologic response to NAC in a group of 35 patients [45].

17.5 Conclusion

Breast MRI has the potential to contribute to our understanding of tumor biology,
behavior and treatment response and to help identify risk factors and treatment regi-
mens at the individual level. Quantifiable image biomarkers need to be validated
and this can only be done by large-scale institutional collaborations where computer
algorithms and data are shared for the greater good.
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