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INTRODUCTION

Magnetic resonance imaging (MRI) is a rel-
atively recent diagnostic tool for the breast,
and the role of MRI in breast cancer man-
agement is evolving. As an adjunct to mam-
mography and ultrasound, MRI can be
a valuable addition to the work-up of a
breast abnormality or biopsy-proven can-
cer. MRI has the advantages of providing
a three-dimensional view of the breast, per-
forming with high sensitivity in dense
breast tissue and using non-ionizing radia-
tion. MRI has significant disadvantages as
well, including its high cost, variability in
performance, and moderate specificity
that, in combination with high sensitivity,
often leads to unnecessary work-up.

AsMRI findswider use, there is concern
among clinicians that itmay lead tomoreag-
gressive treatments forbreast cancerwithout
necessarily improving patient outcomes.
MRI may be oversensitive, revealing nonin-
vasive disease that may never progress, or
residual disease that would be effectively
treated by radiation. MRI also adds consid-
erablecost topatient care.However, it is pos-
sible that judicious use of MRI could lead to
changes in practice patterns that have been
adopted based on outcomes using current
methods for detecting and staging breast
cancer. Many standards of care are applied
broadly to groups of patients, although it
is known that they benefit only a subset.
The high sensitivity ofMRImay allow breast
cancers to be characterized more precisely
such that less invasive and better-tailored
treatment options, including watchful wait-

ing, can be used. This review discusses the
current clinical applications for breast MRI
and emerging areas where MRI has the po-
tential to change and improve breast cancer
management.

MRI VERSUS MAMMOGRAPHY

The different physical bases of mammogra-
phy and MRI support their complementary
use for detecting and diagnosing breast
cancer. Mammography has an established
role in breast cancer screening and diagno-
sis. Mammography is an x-ray method op-
timized for evaluation of breast tissue and
the detection of breast cancers while mini-
mizing radiation dosage. Cancers in the
breast are detected by mammography on
the basis of differences in x-ray attenua-
tion between cancers and noncancerous
breast tissue, distortions in tissue architec-
ture, or appearance of certain patterns
of microcalcifications. Mammography is
relatively quick to perform and inexpen-
sive. Decades of experience with large-scale
breast cancer screening programs and the
more recent implementation of mammo-
graphic quality standards have led to im-
proved performance of mammography
equipment and radiologic interpretations
in large-volume centers.

The high soft tissue contrast and three-
dimensional format ofMRI allows anatomic
structures of the breast to be viewed in great
detail. Theanatomicdetail alone,however, is
not sufficient to make a diagnostic assess-
ment. Malignant lesions are often indis-
tinguishable from normal and benign
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structures on standard T1-weighted or T2-weighted MRI.
Cancer detection requires theuse of an intravenous contrast
agent. The increased density and leakiness of microvessels
associatedwith cancer growth is reflected by an early, signif-
icant increase in the signal intensity after contrast is injected,
the basis of cancer detection using MRI.

An important distinction betweenmammography and
MRI, that again supports their complementary roles, is in
their sensitivity to breast microcalcifications that can often
signify breast cancer. Mammography is very effective for
demonstrating the presence and distribution ofmicrocalci-
fications.However, while calcium deposits can occasionally
be seen on MRI as tiny signal voids, breast MRI is not a re-
liable detection method for microcalcifications. In several
studies, MRI was used to evaluate women with suspicious
mammographic microcalcifications with the goal of deter-
mining if diagnostic specificity could be improved on the
basis ofMRI enhancement patterns. Results of these studies
have been mixed, with some showing improvements in
specificity1,2 and others concluding thatMRIhas limited di-
agnostic accuracy for distinguishing benign frommalignant
mammographic calcifications.3,4 Few studies have directly
evaluated theMRI characteristics of the signal voids created
bymicrocalcifications.5,6 One study of excised breast speci-
mens used a high spatial resolution technique to correlate
signal voids withmicrocalcifications onhistology; however,
clusters of microcalcifications appeared as single signal
voids and MRI was not able to further characterize im-
portant features such as size, shape, and clustering that
are associated with the presence of breast cancer.5 These
considerations imply thatMRI should not be a replacement
for mammographic screening since microcalcifications can
often be an early sign of breast cancer.

MRI FOR BREAST CANCER SCREENING

Two areas where the advantages of MRI over conventional
breast imaging make it likely to have an impact on care are:
(1) early detection in high-risk women; and (2) treatment
staging. In the area of early detection, enthusiasm has
beenfueledbydata frommanystudies showingthat virtually
allmalignancies of the breast enhance following injection of
contrast agent, and that small cancers can be detected with-
out adverse impact from dense breast tissue.7-13 The imple-
mentation ofMRI as a widespread breast screening practice
is not feasible,however,due toanumberof factors:most sig-
nificantly, its high cost, difficulty in standardizing the test,
limited specificity, and the complexity of performing bi-
opsies under MRI guidance. More likely and potentially
important applications of screening MRI are for women
with elevated breast cancer risk or as a secondary screen
for women with mammographically dense breast tissue.

A number of ongoing clinical trials are evaluating
breast cancer screening by MRI in high-risk populations.
Trials underway in the Netherlands, United Kingdom,

Canada, Germany, and the United States have reported
between 1% and 4% cancer yield on initial screening
MRI in high-risk populations.14-18 One third to one half
of screened cancers detected byMRIwerenot seenonmam-
mography or found at clinical exam. Among BRCA1 and
BRCA2mutation carriers, the reported cancer yield is even
higher (4% to 9%).14,16 In the large series of 1,909 patients
included in the Netherlands MRI screening trial, a number
of differences existed among the tumor characteristics of
the 358 mutation carriers and the moderate- (15% to
29% cumulative lifetime) and high-risk (30% to 49% cu-
mulative lifetime) groups, including higher histologic
grade and lower hormone positivity in the mutation car-
riers.14 Interestingly, of the five interval cancers found on
second or third MRI screening exams, four were in muta-
tion carriers, possibly suggesting faster growth rates of
these tumors.

The MRI screening trials vary in the imaging proto-
cols employed, risk levels used for study inclusion, and in-
terpretation standards. The true screening performance of
MRI in such populations will be difficult to establish. Even
more difficult to determine will be the appropriate risk
levels at which screening MRI should be recommended.
Nonetheless, it is likely that high-risk women and their
physicians will continue to pursue screening MRI as an
option since so few alternatives are available.

MRI FOR DIFFERENTIAL DIAGNOSIS

The greatest diagnostic challenge for breast MRI lies in the
spectrum of disease from proliferative hyperplasia to non-
invasive and low-grade invasive carcinoma. These condi-
tions produce the majority of false positives and false
negatives, which have important implications for the use
of breast MRI. While false negatives are fairly infrequent,
enhancement of benign disease occurs often and can add
ambiguity in the diagnostic work-up of a breast abnormal-
ity. The limitation of low specificity prevents MRI from
playing a major role in the work-up of a specific breast ab-
normality, with biopsy remaining the recommended pro-
cedure for making a definitive diagnosis in most cases.
MRI of a suspicious breast lesion can often play a confir-
matory role while providing information about the size
and multifocality of the lesion.12,19,20 MRI can also add
value for the evaluation of patients with axillary carcinoma
and negative mammographic and clinical findings21-26 and
women with questionable mammographic findings and
previous breast surgery, to distinguish postsurgical scar
from recurrent carcinoma.27-30

MRI FOR BREAST CANCER STAGING

MRI is effective for staging the extent of disease following
a biopsy diagnosis of cancer. In numerous studies, MRI
has been shown to be superior to mammography and ul-
trasound for estimating tumor size when compared with
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histopathology.12,31,32 In a comparison of mammography,
ultrasound and MRI using concordance with histopathol-
ogy as the end point, Esserman et al32 found that MRI
showed the greatest improvement over mammography
and ultrasound for staging disease extent when multifocal
disease or ductal carcinoma-in-situ (DCIS) was present.
Information about the extent of disease is useful in deter-
mining suitability for breast conservative surgery and can
be used to help guide breast conservation.33 However, in
practice, it is difficult to translate the anatomic boundaries
of the enhancing lesion seen on MRI to surgical coordi-
nates with enough precision to ensure adequate margins
while minimizing the amount of tissue excised. A criticism
of MRI is that it is likely to result in more aggressive sur-
gical approaches without necessarily improving outcomes.
Occult multifocality suggested by MRI should be verified
by biopsy before recommending substantial alteration to
the surgical plan.

MRI FOR STAGING DCIS

A less well-established application for MRI is the charac-
terization of DCIS. DCIS presents challenges for MRI. It is
more frequently missed on MRI than invasive disease.34-37

At the same time, it is unclear how aggressively MRI
should be used to detect otherwise occult DCIS. Detection
will lead to surgery and treatment that may not be neces-
sary. Nonetheless, MRI can depict the extent and distribu-
tion of DCIS more effectively than mammography or
ultrasound.19,38 DCIS is being detected more frequently
with the widespread use of screening mammography
and there is a great need to find better methods for treating
DCIS. DCIS is an early form of breast cancer defined by
the confinement of cancer cells within the ducts. DCIS
has an excellent prognosis and cures can be achieved
with successful local treatment. DCIS is most commonly
detected by screening mammography and generally
presents with linear, pleomorphic, or clustered calcifica-
tions. The increased use of screening mammography
over the last several decades has led to greater detection
rates for DCIS and, as a result, more is known about
DCIS. Like many invasive cancers, once detected, DCIS
is treated surgically. However, in the absence of a lump
to guide breast-conservation surgery, DCIS is often treated
by mastectomy, and attempts at breast conservation often
result in positive margins and the need for re-excision.

Better treatment approaches for DCIS are needed.
MRI is effective for demonstrating the presence and extent
of DCIS following a biopsy diagnosis of cancer and can be
helpful in the planning for breast-conservation surgery. A
substantial number of DCIS patients have been found to
have multifocal disease on MRI even when mammography
suggests unifocal disease.39 MRI has also proven to be
a good detector of cancers that are occult on mammogra-
phy.18,40-42 Since occult microinvasion is most common in

DCIS lesions greater than 2.5cm, as well as for high-grade
comedo DCIS,43 MRI may be a useful complementary
modality for studying which DCIS lesions have the po-
tential to become invasive lesions. Conversely, MRI
might suggest DCIS lesions for which radiation treatment
is not required. MRI is also a more reliable modality for
women with dense or nodular breasts for whom mam-
mography or clinical examination performs poorly.41

Morris et al,18 in a study of 367 high-risk women,
found that more than half of the 14 MRI-detected can-
cers occult on mammography and physical examination
were DCIS lesions.

In addition, MRI could be developed to characterize
DCIS noninvasively, to assess aggressiveness and likeli-
hood of an associated invasive component, and suitability
for nonsurgical treatment approaches.44 In a study of 51
patients with biopsy-proven DCIS, Hwang et al41 looked
at the performance of MRI for assessment of residual dis-
ease, occult invasion, and multicentric disease in order to
determine the clinical role of MRI in the management of
preinvasive breast cancers. All patients underwent high
spatial resolution contrast-enhanced MRI before surgery.
MRI findings were correlated with mammography and
histopathology. Histopathology demonstrated the pres-
ence of residual disease in 39 patients. Invasive cancer
was associated with DCIS in seven patients; 16 patients
had multicentric disease. The accuracy of MRI was 88%
in predicting residual disease, 82% in predicting invasive
disease, and 90% in predicting multicentricity. Subgroup
analysis demonstrated higher performance of MRI when
the diagnosis of DCIS was made by core biopsy rather
than surgical biopsy. When compared to mammography,
the accuracy of MRI was statistically equivalent for the di-
agnosis of occult invasion. However, for the diagnosis of
residual disease and multicentricity, MRI was more sensi-
tive and had a higher negative predictive value than mam-
mography (P � .05).41 While MRI cannot be used to rule
out the presence of residual disease post-lumpectomy, it
can provide information regarding the extent of residual
disease and can be useful for determining whether re-
excision or mastectomy is most appropriate.

DCIS is known to have a heterogeneous histopathol-
ogy and certain features; grade and presence of comedo
necrosis are associated with a higher risk of recurrence.
DCIS also demonstrates a wide range of imaging features
on MRI.35-37,40 A significant percentage of mammograph-
ically detected DCIS lesions exhibit contrast enhancement
on MRI. These findings indicate increased density or per-
meability of the local microvasculature associated with
these lesions that are still confined to the ducts.45 DCIS
associated with invasive cancer is also frequently observed
as contrast-enhancing on MRI. DCIS can appear as linear,
branching structures, heterogeneously clumped enhance-
ment, and as focal masses (Fig 1).
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Mammography remains the primary method for
detecting DCIS; however, MRI shows usefulness for de-
termining the extent of disease following a biopsy
diagnosis of DCIS and for depicting intraductal extension
associated with a primary invasive cancer. In both of these
roles, MRI may contribute to better surgical management
for patients with breast carcinoma.

ASSESSMENT OF NEOADJUVANT TREATMENT

As new therapeutic options for breast cancer continue to
become available, there is a great need for methods that
can be used to rapidly and reliably compare the efficacy
of different therapies and treatment strategies. This need
has fueled the search for biomarkers that can be assessed
for individual patients before or early in their treatment.
An acceptable biomarker must show a strong association

with survival outcomes in order to be relied upon as a sur-
rogate end point. Imaging has the potential to provide
such a biomarker. The appeal of an imaging biomarker
is that it can be measured in vivo, repeatedly over time,
and represents the entire tumor. MRI has the added ben-
efit over x-ray and nuclear medicine techniques of not us-
ing ionizing radiation and can therefore be used safely in
serial studies.

Imaging biomarkers are being pursued in the context
of preoperative chemotherapy of breast cancer. Systemic
chemotherapy is known to improve survival for patients
with invasive breast cancer and is considered the standard
of care for node-positive patients with large primary tu-
mors and for many patients with high-risk, node-negative
disease. A number of trials have compared preopera-
tive chemotherapy with postoperative chemotherapy.

A B

C D

E

Fig 1. Ductal carcinoma-in-situ demonstrates heterogenous patterns of enhancement including (A) linear enhancement with irregular borders; (B) branching
ductal enhancement with smooth borders; (C) segmental clumped enhancement; (D) regional homogenous enhancement; and (E) focal mass enhancement.
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Although, there was no difference in disease-free survival
and overall survival, more women receiving preoperative
chemotherapy were able to undergo breast conservation.
These findings have led to the increased use of preopera-
tive, or neoadjuvant, chemotherapy. Further findings from
the National Surgical Adjuvant Breast and Bowel Project
B-18 and other studies have demonstrated that response
of the primary tumor to treatment, as measured clinically
or by histopathology, is associated with both disease-free
and overall survival.46,47 Thus, an additional advantage to
preoperative chemotherapy is that it affords the opportu-
nity to monitor the primary tumor response.

The high staging accuracy of breast MRI makes it an
attractive method for assessing tumor response to preop-
erative chemotherapy. MRI can contribute in several ways

to themanagementofpatients receivingpreoperative chem-
otherapy, including the initial determination of extent of
disease for proper staging, early identification of poor re-
sponders, and identification of the presence and extent of
residual disease for surgical planning. MRI measurements
of tumor response may have predictive value for disease re-
currence and responsiveness to novel therapeutics. This
potential is being explored in a number of clinical studies.
MRI can accurately demonstrate the extent of residual dis-
ease after neoadjuvant therapy if appropriate adjustments
are made to detection thresholds to allow for reduced con-
trast enhancement after chemotherapy.48 MRI also has the
capability to measure functional properties of the tumor.
Measurements of the tumor microvasculature can be de-
rived from the contrast-enhancement kinetics observed

A B

C D

E F

Fig 2. Contrast-enhanced magnetic resonance images (A, C, E) and signal enhancement ratio (B, D, F) parametric maps for a patient with locally advanced breast
cancer. Central slice images through the tumor are shown pretreatment (A,B), following one cycle of adriamycin-cytoxan (C,D), and following four cycles of
adriamycin-cytoxan (E,F). Tumor volume decreased over treatment from 7.4 cc at baseline to 6.5 cc after one cycle of treatment, and to 3.9 at the end of four
cycles of adriamycin-cytoxan.
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during the first several minutes following the injection of
contrast. The multiparametric measurements obtainable
from MRI, combining both anatomy and function, have
the capacity to predict who will respond to therapy.

A number of MRI parameters have been investigated
for their ability to predict response. The morphologic pat-
tern that the tumor forms in the breast can be quite vari-
able, and appears to be predictive of response to therapy.49

Several studies have looked at the ability of pharmaco-
kinetic parameters (ktrans, the transfer constant for gado-
linium contrast agent between the intravascular and
extravascular/extracellular space, and fBV, the fractional
blood volume) to predict tumor response.50-53 Others have
used empirically derived parameters such as the signal-
enhancement ratio to compare contrast wash-in and wash-
out at high spatial resolution. Partridge et al54 found that
tumor volume based on signal-enhancement ratio was
most predictive of time-to-disease recurrence (Fig 2). A large
multicenter trial sponsored jointly by the American College
of Radiology Imaging Network, the Cancer and Leukemia
Group B, and the National Cancer institute is integrating se-
rial MRI tumor measurements with serial collection of tissue
for biomarkers (expression, genomic, protein arrays, as well
as specific immunohistochemical markers and fluorescence
in situ hybridization). The goal of such studies is to identify
robust combinations of markers, including imaging, to iden-
tify early on those women who will have excellent responses
to chemotherapy, and those whose tumors have a marginal
or modest response. This would allow the early introduction
of novel therapeutics that could be assessed using the optimal
combination of biomarkers.

FUTURE DEVELOPMENTS IN BREAST IMAGING

Imaging technologies continue to advance and many pow-
erful new methods for in vivo cellular and molecular im-

aging are emerging. Multimodal methods that combine
anatomic imaging with functional measurements may
provide imaging assays that can be used noninvasively
to assess the effects of treatment dynamically and over
the whole tumor. MRI is intrinsically multiparametric,
with anatomic and functional parameters measurable
during a single patient exam. Combined measurements
of tumor vascularity, water diffusion (reflective of tissue
cellularity), and proton-containing metabolite concentra-
tions could add specificity to MRI of breast disease.
Tumor-targeted contrast agents for MRI that are under
development could also improve the specificity of breast
MRI substantially. Higher field strength 3.0 Tesla scanners
are now commercially available, bringing improvements
in image resolution and signal-to-noise over the current
standard 1.5 to 2.0 Tesla systems. The greater signal-to-
noise and spectral separation available with the higher field
systems should lead to improved ability to sensitively mea-
sure metabolites such as choline with in vivo breast MRI
spectroscopy methods. Coupled with these advances are
the computer workstations and image analysis capabilities
to support multimodality image fusion, functional analy-
sis, and visualization tools. Development of integrated
imaging systems is moving at a rapid pace and will be
important for facilitating the use of advanced imaging
technologies for patient care. As the search for better can-
cer treatments progresses, imaging will undoubtedly play
a role in their evaluation and the improved delivery of care
to patients.
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