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Current Status of Breast MR
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Magnetic resonance (MR) imaging is emerging as the most
sensitive modality that is currently available for the detection of primary or recurrent breast cancer. Although this
technique has been shown to be an extremely powerful
diagnostic tool, it is still relatively rarely used in clinical
practice, as compared with other applications of MR imaging such as for musculoskeletal or brain and spine imaging.
This is the second of a two-part series on the current status
of breast MR. Part two provides an overview of the use of
breast MR imaging in clinical patient care, the body of
evidence that supports its use. A discussion is provided on
the many controversies that exist regarding breast MR
imaging for preoperative staging and for screening.
娀 RSNA, 2007
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T

his is the second part of a two-part
series on the state of the art of
breast magnetic resonance (MR)
imaging. In the first part (1), we explained the pathophysiologic basis of
breast MR imaging, presented the current concepts for diagnosing breast cancer, listed typical imaging findings in benign and malignant breast lesions, and
reviewed the sensitivity and specificity
with which breast cancer diagnosis is
achieved. We discussed the technical
requirements for breast protocols and
explained why the protocols have to
compromise on the diverging demands
of spatial and temporal resolution. We
reviewed the advantages and disadvantages of different MR protocol parameter settings. We listed issues that, in the
past, had been identified as interfering
with the propagation of the clinical use

Essentials
䡲 In selected clinical scenarios,
breast MR imaging can be used
for definitive problem solving with
regard to equivocal mammographic and/or US findings.
䡲 In patients who undergo neoadjuvant chemotherapy, breast MR is
suitable for help in early distinction of responders and nonresponders, and it is superior to
mammography and US for the
delineation of residual cancer after neoadjuvant chemotherapy.
䡲 Breast MR imaging is the most
accurate tool for delineating disease extent in patients with a recent diagnosis of breast cancer.
䡲 It will be important to avoid overtreatment of breast cancer due to
depiction of many additional cancers with breast MR imaging; MR
information on local extent must
be used wisely, and it is clearly
wrong to simply transfer guidelines that were developed for
mammographic staging to patients with MR-demonstrated
multicentric cancer.
䡲 Breast MR imaging should be integrated into surveillance programs for women at increased
risk for breast cancer.
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of breast MR imaging, such as lack of
standardization, lack of specificity, low
positive predictive value, and lack of
MR-guided biopsy facilities, and we analyzed the current status.
The conclusion was that although
not all issues have been settled yet, substantial progress has been made in the
past decade. Breast MR imaging is a
mature technique that is ready for
broad clinical use. Therefore, breast
MR imaging should now be fully integrated into breast fellowship programs
to allow breast radiologists to become
competent MR users, and quality assurance programs have to be set up to
guide the use of breast MR imaging in
clinical practice. In this article, we will
discuss how breast MR imaging should
be used clinically, how it should be integrated into the work-up of an equivocal
finding, and what the current level of
evidence is regarding its use in the
breast cancer patient.

MR Imaging as Second-Line Modality
MR Imaging to Clarify Inconclusive or
Suspicious Conventional Imaging
Findings
The use of breast MR in the case of a
difficult-to-read mammogram with equivocal findings is probably the oldest indication for which breast MR imaging was
suggested first (2–4). However, the scientific evidence regarding the effectiveness
with which breast MR imaging can actually help solve mammographic problems
is relatively weak, for two reasons.
First, substantial progress has been
made to obtain histologic proof of equivocal lesions by means of a variety of
minimally invasive biopsy procedures.
Ultrasonography (US)- or mammography-guided core or vacuum core biopsy
is widely available and allows safe and
tissue-sparing definite diagnosis of suspicious lesions. So, if a lesion is equivocal, rather than perform MR imaging for
clarification it is probably more efficient
to offer imaging-guided biopsy. This is
definitively the case if the mammographic
or US abnormality is a solitary finding in
an otherwise normal breast and can be
targeted adequately for biopsy.
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Second, even in the typical difficultto-read mammogram with multiple findings, MR imaging for problem solving
may be inefficient. An imaging modality
with a high negative predictive value
(NPV) is required to settle a diagnostic
problem. For breast MR, NPVs have
been reported to be as high as 98% in
single-center studies (5,6), which is the
highest published NPV of all breast imaging modalities that are currently available, including positron emission tomography (PET) and scintimammography (7–9). However, the NPV of any
imaging modality will ultimately depend
on the composition of the patient cohort
and the interpreting radiologist’s expertise. In a multicenter trial published relatively recently (10), the overall NPV of
breast MR imaging was 85.4%, which is
not high enough to clarify with sufficient
confidence an equivocal or suspicious
lesion seen at conventional imaging.
The reason is that all breast imaging
modalities have their “blind spots” or
specific strengths and weaknesses. It is
unlikely that the diagnostic accuracy of
an imaging technique (eg, MR) will be
superior to that of another (eg, mammography) in each and every clinical
scenario. Accordingly, rather than compare overall NPVs of imaging modalities
(ie, rather than lump together all the
different clinical settings), one should
identify specific clinical situations for
which it may well be feasible to use breast
MR imaging for problem solving and others for which the same is not attainable
because the NPV is not high enough.
Indeed, there are clinical situations
or specific constellations of conventional imaging findings in which the NPV
of breast MR is high enough to be used
for problem solving. First, in patients
who are being followed up after breast-
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conserving surgery, it may be difficult (if
not impossible) to distinguish a developing scar from recurrent cancer (3,11)
(Fig 1). In this situation, breast MR imaging yields a high NPV and positive
predictive value for recurrent cancer,
and these excellent predictive values
can be achieved even by readers with
only limited experience.
Four other candidate clinical scenarios are (a) the differential diagnosis
of collapsed, proteinaceous, or complicated cysts (ie, cysts with echogenic appearance at US) versus solid tumors,
particularly in young BRCA1 mutation
carriers (5,12,14,15); (b) the differential diagnosis of mammographic focal or
global asymmetries without suspicious
calcifications (eg, asymmetric involution
vs invasive lobular cancer); (c) the
work-up of a mammographic abnormality that is depicted on one only view;
and (d) the patient with multiple round
smooth masses that are equivocal at
mammography and US (differential diagnosis of multiple sclerotic fibroadenoma vs breast cancer).
A clinical scenario in which the NPV
of breast MR is known to be insufficient
involves the patient with suspicious mammographic calcifications. The sensitivity
of breast MR imaging for demonstrating
ductal carcinoma in situ (DCIS) that exhibits calcifications on a mammogram is
only about 85%. Accordingly, the decision about whether to perform biopsy of
suspicious calcifications must be based on
their mammographic appearance alone.
Nevertheless, MR imaging is useful in patients with calcifications: It can help (a)
demonstrate or exclude underlying invasive cancer, which can be accomplished
with high confidence because of the high
NPV for invasive cancer, and/or (b) demonstrate the extent of (possible) DCIS. In
this context, it is important to understand
that mammography and MR imaging are
complementary for diagnosis of DCIS:
While MR does not depict all DCIS cases
that manifest as calcifications on a mammogram, mammography in turn does not
depict all DCIS cases that manifest as contrast material enhancement on breast MR
images. On the basis of current research, it appears that indeed the overall sensitivity of MR for high-grade DCIS
674

is substantially higher than that of
mammography (16).

MR in Women with Normal Conventional
Imaging Studies but with Clinical Signs or
Symptoms of Breast Cancer
Carcinoma of unknown primary.—Each
year, about 2%–7% of all new cases of
solid cancer are diagnosed primarily by
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noting their metastatic spread, without
evidence of the primary cancer (17,18).
In about 5% of these patients, the site of
metastases are the axillary lymph nodes,
which suggests the breast as the site of
the primary cancer. Compared with
other sites of metastasis, axillary lymph
nodes are associated with a relatively favorable prognosis (19). Owing to the rel-

Figure 1

Figure 1: (a–h) Breast MR for problem solving: scar versus recurrent cancer after breast-conserving therapy. (a– e) Local recurrence depicted at MR in a 60-year-old patient who underwent breast-conserving therapy 6 years previously. (a, b) Craniocaudal mammograms obtained in (a) August 2004 and (b) August 2005
reveal scar tissue, with discrete changes in scar appearance over 1-year follow-up. (c– e) Transverse T1weighted gradient-echo breast MR images (repetition time msec/echo time msec, 290/4; flip angle, 90°) obtained in August 2005 (c) before and (d) after contrast material administration and (e) postcontrast subtracted
image reveal scar as hypointense mass in c (arrow). Postcontrast images (d, e) show enhancement in medial
aspect of the scar (upper arrow); a focus toward chest wall is also seen (lower arrow). MR-guided biopsy revealed multifocal recurrence in the scar and prepectoral focus. (Fig 1 continues.)
Radiology: Volume 244: Number 3—September 2007
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atively low incidence of the carcinoma of
unknown primary situation, published
studies on this topic report on relatively
small numbers of subjects. On the basis of
this limited evidence, it seems that breast
MR helps identify the primary breast cancer if the mammogram and US studies
remain normal and that, importantly, a
negative breast MR image can be used to
alleviate the indication for mastectomy
(20–25). In view of the high NPV of MR
imaging, oncologists advocate radiation
therapy only or no local therapy at all in
women with negative MR images.
Pathologic nipple discharge.—Pathologic nipple discharge may be a symptom
of breast cancer, although in the major-

ity of cases (80%–90%) ductal ectasia
and/or solitary or multiple papillomas
will be the underlying cause (26). Imaging studies are performed not only to
demonstrate (or exclude) breast cancer
but also to locate benign lesions that
cause these symptoms. Mammography
and breast US are complementary for
this purpose (27,28), yet in the majority
of cases both imaging studies will be
normal. Galactography may be helpful
(27–29) but is not always technically
feasible in patients with only intermittent discharge or in patients with discharge from more than one orifice.
Even in experienced hands, technical
failures will occur in up to 10% of cases
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(27). More important, the diagnostic
yield is limited. In a larger series of patients presenting with nipple discharge
and normal mammogram, the sensitivity for demonstrating a malignant lesion
at galactography was reported to range
between 0% and 55% (30–32). Last,
even if the galactogram does reveal a
lesion, it may not be removed by means
of subsequent excisional biopsy in up to
20% of cases (33,34), owing to the difficulty of preoperative localization. MR
imaging can help detect an intraductal
lesion in women with nipple discharge
and normal conventional imaging findings (35–37). However, differentiation
between a papilloma and a small inva-

Figure 1 (continued)

Figure 1 (continued): (f–j) Scar tissue in 43-year-old patient after breast-conserving therapy 3 years previously. (f, g) Two-view mammogram reveals spiculated
mass (arrow) in upper outer quadrant at site of previous breast cancer. Lesion exhibits increased density compared with previous mammograms (not shown) and was
interpreted as suspicious for recurrence (Breast Imaging Reporting and Data System [BI-RADS] category 4). (h) US image reveals hypoechoic mass (arrows) with posterior acoustic shadowing, compatible with both recurrent cancer and scar tissue. Transverse (i) T1-weighted gradient-echo precontrast (290/4; flip angle, 90°) and
(j) postcontrast subtracted breast MR images reveal stellate mass (arrows) in upper outer quadrant. No contrast enhancement is seen on j. Patient did not undergo
biopsy; absence of recurrent cancer was confirmed over 2-year follow-up.
Radiology: Volume 244: Number 3—September 2007
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Figure 2

Figure 2: Images in 60-year-old patient with 2-month history of bloody nipple discharge. (a, b) Two-view mammogram and (c) breast US image reveal dilated milk
duct immediately behind the nipple and hypoechoic material filling the milk duct 10 mm behind the nipple, which was found to be blood clot and detritus. Transverse
(d) T1-weighted gradient-echo precontrast (290/4.6; flip angle, 90°) and (e) and postcontrast subtracted MR images reveal ductal enhancement (arrow) in 12-o’clock
position, 40 mm cephalad to nipple. MR-guided biopsy confirmed papilloma.

sive cancer or DCIS is usually not attainable with breast MR imaging (Fig 2).

MR in Women during or after Neoadjuvant
Chemotherapy
During or after neoadjuvant chemotherapy, diagnostic imaging studies are performed to (a) monitor early response to
treatment and (b) identify possible residual disease.
To avoid harm and costs due to inefficient treatment, it is desirable to predict response to neoadjuvant chemotherapy as early as possible, ideally immediately after the first cycle. Imaging
during this early phase is aimed at demonstrating the presence (or absence) of a
metabolic response to treatment rather
676

than a change in tumor size. Metabolic
response can only be assessed on imaging studies that offer functional information on tumor perfusion and metabolic
turnover. PET is such a technique and
has an established role for the early assessment of response behavior, although the published evidence is limited
to a total of 180 patients who were investigated in as many as eight nonrandomized studies (38–46).
There is now increasing evidence that
the same functional information may also
be obtained by using dynamic contrast
material– enhanced MR imaging, MR
spectroscopy, and/or diffusion-weighted
MR imaging. In a total 74 patients, dynamic contrast-enhanced breast MR im-

aging has been used to identify responders 6 weeks after the first chemotherapy
cycle (47–50). As the earliest sign of response, a change of enhancement kinetics
was observed (slower wash-in rate, absence of a washout pattern—ie, flattening
of the enhancement curve), which preceded a change in tumor morphology by
several weeks.
Proton MR spectroscopy, in particular
at higher magnetic field strength, and diffusion-weighted imaging can help distinguish responders and nonresponders
even earlier, as soon as 24 hours after
the first cycle of chemotherapy (51–55).
In proton MR spectroscopy, breast cancers typically exhibit an elevated choline
resonance; choline is a metabolite impliRadiology: Volume 244: Number 3—September 2007
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cated in cellular membrane turnover
and, thus, is a marker of cellular proliferation. A reduction of the choline peak
seems to provide a very early sign of
response. In addition, there is also evidence that the baseline (before neoadjuvant chemotherapy) signal intensity of
the choline peak provides predictive information—that is, helps assess the
likelihood with which a given cancer
will respond to treatment. Diffusionweighted imaging helps detect cytotoxic
effects of neoadjuvant chemotherapy by
demonstrating changes in the free interstitial water diffusion rates.
Since assessing response to chemotherapy should have a substantial
impact on clinical decision making, it
may emerge as one of the most important indications for breast MR. To obtain more and higher-level evidence
for this indication, the American College of Radiology Imaging Network

(ACRIN) has sponsored a multiinstitutional prospective clinical trial
(ACRIN 6657) to evaluate the role of
MR for predicting response to treatment.
After neoadjuvant chemotherapy,
MR is used to depict residual disease.
Several studies have investigated the
confidence with which residual disease
is demonstrated with different imaging
modalities, and all are concordant that
breast MR imaging is superior to conventional imaging and clinical breast assessment (Fig 3). MR findings correlate
significantly better with pathologic response, with correlation coefficients
ranging between 0.72 and 0.93, compared with 0.30 – 0.52 for conventional
imaging and about 0.19 for clinical assessment (57–67). Although MR imaging may be superior to other methods,
the correlation is not a perfect 100%. In
other words, even if an MR study is
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negative, vital tumor remnants may be
identified in up to 30% of patients.
The degree or likelihood of underestimation depends on the response pattern and the type of chemotherapy
(68–70). In patients who respond to
chemotherapy, underestimation will
occur more often than in those who do
not respond or respond only partially.
The underestimation of residual disease
is probably due to the antivascular effects of chemotherapeutic agents, which
may parallel or exceed the cytotoxic effects. The chemotherapy-induced obliteration of vessels reduces not only tumor vitality and proliferation but also its
enhancement and, accordingly, its detectability on breast MR images (68–
70). In our experience, this holds especially true in patients who were
treated with taxanes. Accordingly,
none of the existing imaging techniques, notably including breast MR,

Figure 3

Figure 3: Monitoring primary neoadjuvant chemotherapy in 35-year-old patient with invasive ductal cancer who had presented with a palpable mass in upper outer
quadrant of right breast and right-sided axillary lymphadenopathy. (a) Diagnostic mammogram reveals very dense (American College of Radiology category 4) tissue
and pleomorphic calcifications (arrow) at site of the palpable lump. (b) US of right breast at patient’s first visit demonstrates large hypoechoic mass at site of the palpable
lump. US-guided biopsy revealed ductal invasive cancer, grade III. (d) Breast MR image (290/4.6, 90° flip angle) obtained at first visit reveals huge cancer (arrows) that
infiltrated almost entire right breast including the upper outer, upper inner, and lower outer quadrants (not shown). Patient was considered a candidate for neoadjuvant
chemotherapy and received epirubicine, cyclophosphamide and taxane. Follow-up revealed complete response on clinical, as well as mammographic (not shown),
grounds and at (c) breast US. (e) Breast MR image (290/4.6, 90° flip angle) obtained after therapy reveals residual enhancing tissue in upper outer and lower outer quadrants (arrows). Mastectomy was performed and confirmed residual vital tumor disseminated in both outer quadrants of the right breast.
Radiology: Volume 244: Number 3—September 2007
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allow one to safely locate residual disease with 100% confidence.
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Figure 4

MR Imaging in Patients with Breast
Implants
Breast MR imaging in patients with
breast implants is performed to investigate the integrity of the implant shell
and delineate breast cancer around or
behind the implant. To evaluate breast
implant integrity, no contrast agent is
needed, although it may be helpful to
depict chronic inflammatory changes
around the implant due to what clinically appears as “capsulitis” or implant
fibrosis. Unlike mammography, MR imaging enables the diagnosis of breast
cancers arising behind an implant, particularly if the implant was placed in the
prepectoral or retroglandular location.
Therefore, MR imaging should be considered the method of choice for help in
diagnosing breast cancers in this subset
of women.
MR Imaging in Drug Development and
Discovery
Usually, the efficacy of a new drug has
been evaluated by assessing treatment
response either on clinical and/or pathologic grounds. While the former is
prone to error and may be inaccurate,
the latter is relatively difficult to obtain
on a serial basis and, if obtained in vivo
(eg, with core biopsy), may in turn suffer from sampling errors. With the ever
increasing speed of drug development,
there is an ever increasing demand
for an alternate noninvasive surrogate
marker of treatment success that is sensitive and more accurate than clinical
assessment and that is more readily
available, less traumatic, and more representative than serial core biopsy. Imaging techniques such as MR that provide both morphologic and functional
information will, in the foreseeable future, play an important role for this purpose. With the wealth of tissue information that is already provided by MRbased techniques today (morphology,
contrast-enhancement kinetics, perfusion volume and vessel permeability,
diffusion rates, and metabolic information at proton or phosphorus MR spectroscopy), MR is ideally suited to help
678

Figure 4: Preoperative staging with breast MR imaging in 45-year-old patient who had undergone mastectomy for left breast cancer 5 years previously. Follow-up (a) mediolateral oblique, (b) craniocaudal, and
(c) spot magnification mammographic views of right breast reveal mass (arrow) between lower quadrants that
is highly suspicious for contralateral cancer (BI-RADS category 5). (d) Whole-breast US was performed for
core biopsy of known lesion (arrow), which confirmed presence of cancer, and for further staging but did not
reveal additional lesions. (Fig 4 continues.)

assess treatment response on a tissue
level. Accordingly, it would be reasonable to integrate functional breast MR
into the planning of phase I and phase II
clinical trials. With the rapidly advancing technologies of molecular imaging,
MR-based technologies will allow an
even more targeted approach for evaluating treatment and will probably allow
assessment of treatment on a cellular
level (56).

Staging Known Breast Cancer
According to the European guidelines,
at least 80% of women with newly diagnosed breast cancer should be treated
with breast-conserving surgery plus radiation therapy (71). Since, in most patients, breast cancer surgery is performed with curative intent, an accurate
delineation of disease extent is of key
importance (Figs 4 –7). This provides a
road map to help the surgeon achieve
Radiology: Volume 244: Number 3—September 2007
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Figure 4 (continued)

Figure 4 (continued): Transverse (e) T1-weighted gradient-echo precontrast
(290/4.6; flip angle, 90°) and (f, g) postcontrast subtracted breast MR images depict known cancer (arrow in e and f) between lower quadrants (BI-RADS category 6)
and another enhancing mass (arrow in g) in upper inner quadrant (BI-RADS category 4). MR-guided biopsy results confirmed additional small (6-mm) stage pT1b
breast cancer plus adjacent DCIS. Patient underwent mastectomy.

clear margins with only one surgical intervention (identification of additional
multifocal or multicentric breast cancer
foci, presence of an intraductal component around an invasive cancer); identify contraindications for breast conservation, such as infiltration of the chest
wall or areola; and identify breast cancer in the opposite breast.
A large number of studies evaluated
the use of breast MR for preoperative
staging in women with biopsy-proved
breast cancer (BI-RADS category 6) or
with suspicious conventional imaging
findings (BI-RADS category 5) (4,10,72–
95). All of the published studies are
highly concordant in finding that breast
MR is the most accurate imaging technique currently available for local breast
cancer staging. MR imaging results correlate best with the histologic tumor
size; also, MR is superior to mammography for demonstrating a possible intraductal extension (92,93,95). Depending
on whether MR images are compared
with mammograms plus US images (4)
or with mammograms alone (72,74),
MR helps identify additional conventionally occult breast cancers in 15%–
Radiology: Volume 244: Number 3—September 2007

27% of patients. In addition, MR helps
identify unsuspected synchronous cancer in the opposite breast in up to
3%– 6% of women with a recent diagnosis of unilateral breast cancer. This is
important because the opposite breast
will not be treated with radiation therapy
(4,73,84,88–90). According to the results
of the American College of Radiology Imaging Network 6667 trial (90), the negative predictive value of breast MR imaging
was just under 100% (99.8%); therefore,
a negative MR study can be used to prevent unnecessary contralateral mastectomy.
Results of a recent retrospective analysis suggest that preoperative breast MR
imaging does indeed help reduce the incidence of local recurrence (91). Randomized studies that would systematically compare the outcome in patients
with and those without preoperative
breast MR images are not available,
and in view of the superior diagnostic
accuracy of MR imaging, it would
probably be unethical to randomize. In
this context, however, it should be
kept in mind that the preoperative
(BI-RADS category 6) situation is a

diagnostic, not a screening, setting.
None of the diagnostic imaging applications, in the entire field of radiology,
have been validated with randomized
studies. Notably, this includes, for example, diagnostic (as opposed to
screening) mammography in patients
with clinical symptoms of breast cancer or, for example, the use of brain
MR in patients with known brain tumors. Usually, the tool that is best
suitable to demonstrate disease extent
is chosen, particularly if the patient is
a surgical candidate and even more so
if the surgery is performed because of
cancer with curative intent.
Despite these encouraging results,
the oncologic community, as well as part
of the breast imaging community, is still
skeptical regarding the use of MR imaging
for local staging of breast cancer (96,97).
The concern is that owing to the use of
preoperative breast MR, the rate of
women who may benefit from breast conservation will decrease, and more will
again be treated with mastectomy—
which would eliminate the advances
that have been made in breast conservation over the past decades.
679
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In the 1970s and 1980s, several prospective studies were performed to
compare the outcome in women after
breast conservation with the outcome in
women after mastectomy. The results
of these studies suggested that both
treatment options are equivalent in
terms of outcome (survival rates). In
those studies, only mammographic (and
clinical breast examination) findings
were available for local staging purposes. Accordingly, it was argued that
there is no need for improved local staging. Since women who undergo mammography-guided breast conservation
seem to have the same survival as those
who undergo mastectomy, it was suggested that the additional cancers depicted on MR images should be either
biologically irrelevant or sufficiently
treated with radiation therapy. The fear
is that MR imaging leads to overdiagnosis of cancer and, accordingly, to surgical overtreatment. In conclusion, preoperative MR is avoided.
While these concerns are, of
course, valid, the conclusion is probably
wrong. It is like throwing the baby out
with the bath water. This is not only
because the use of the most accurate
technique for delineating local extent of
breast cancer should be considered as
important and self-evident as it is in
other fields of oncologic surgery. Indeed, the key question is this: Is it really
true that breast MR imaging will inevitably lead to overtreatment? To answer
this question, we will discuss the statements made above.
First, is there any evidence that additional breast cancers detected with
MR alone are biologically irrelevant?
The clear answer is no. All studies that
investigated this issue found that the additional cancers identified on breast MR
images had the same size and histologic
features as the index cancers (detected
with conventional imaging) and even
tended to exhibit a higher nuclear grade
(6,10,16,90). Thus, if there is any difference at all regarding the biologic potential of cancers detected with MR versus those detected with mammography,
then cancer detected with MR tends to
exhibit features that are associated with
higher biologic aggressiveness.
680
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Figure 5

Figure 5: Preoperative staging with breast MR imaging in 53-year-old patient whose core biopsy results
proved invasive lobular cancer in right breast. Contralateral cancer was identified on preoperative breast MR
images. (a– d) Two-view bilateral mammograms reveal large mass (arrow) in upper outer quadrant of right
breast. Left breast appears normal (BI-RADS category 1). At breast US for staging (not shown), left breast
appeared normal. (Fig 5 continues.)

Radiology: Volume 244: Number 3—September 2007
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Figure 5 (continued)

Figure 5 (continued): (e– g) Transverse postcontrast subtracted MR images depict known cancer in right
breast (arrow in e) and two enhancing foci, 3 and 4 mm in size, in contralateral breast in the lower outer quadrant
(IL 1, arrow in f) and upper inner quadrant (IL 2, arrow in g). (h–j) For further work-up of incidental lesions,
(h, i) spot compression mammographic views and (j) second-look US images were obtained. A correlate for the
lesion in f was identified on i (IL 1?, arrow) while a correlate for the lesion in g was seen on j (IL 2?, arrow). Histologic analysis of lesion on f revealed 4-mm stage pT1aN0 invasive lobular cancer, and that of lesion on g revealed
3-mm area of focal adenosis.

Second, is it really true that the outcome in women after breast conservation
is indeed equivalent to that in women
who have undergone mastectomy? A
careful analysis of the published literature
reveals that this is debatable. Virtually all
trials that have been performed so far are
concordant: Patients who undergo breast
conservation have a higher risk of local
Radiology: Volume 244: Number 3—September 2007

recurrence (98,99). Accordingly, at least
disease-free survival will clearly not be
equivalent for both groups. Until recently,
it was believed that local recurrence has
no effect on overall survival, indicating
that one could just wait and see whether
local relapse occurs (99–103). Meanwhile, however, it is well accepted that
local relapse does affect overall survival

(104–113). Therefore, local control—
that is, preventing recurrence—is considered as important as early diagnosis of the primary cancer. Since more
accurate local staging will translate
into improved local control, it is reasonable to assume that MR imaging
will have an effect on overall survival
as well.
681
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Figure 6

Figure 6: Breast MR imaging to identify residual disease in 44-year-old patient who had undergone excisional biopsy of a palpable lump in upper inner quadrant at an
institution in Saudi Arabia. Lump turned out to be fibroadenoma; however, high-grade DCIS was identified in inferoanterior margin of the specimen. (a) Transverse postcontrast subtracted two-dimensional gradient-echo MR image (290/4.6; flip angle, 90°) obtained after biopsy in upper inner quadrant reveals regional non-masslike
enhancement inferior to biopsy site, with ductal extension toward the chest wall (arrows), highly suspicious for DCIS. MR-guided clip placement was performed to
bracket the lesion and serve as target for (b) mammographically guided hook-wire placement. Note density in upper inner quadrant secondary to prior excisional biopsy.
Histologic analysis revealed high-grade intraductal cancer (Van Nuys Prognostic Index of 9).

Still, opponents of preoperative
breast MR imaging are correct in that MR
findings can indeed lead to over treatment. Even before the advent of breast
MR, it was well accepted that mammography does not depict all breast cancer
foci. For this reason, radiation therapy is
considered an essential part of breastconserving treatment; this is an implicit
acknowledgment of the fact that breastconserving surgery can leave breast cancers behind. Some of these cancers will
cause local recurrences, but the majority
will not.
Now, just because MR imaging depicts these cancer foci, this should not be
a reason to withhold breast conservation
from every patient with MR-depicted
multicentricity. The guideline to recommend mastectomy for multicentric breast
cancer was established at a time when
only mammography was available for diagnosis and staging. Although a recommendation of mastectomy may be adequate for every mammographically visible
multicentric cancer, it may not be adequate for every additional small cancer
focus visible on breast MR images. Use of
the multicentricity rule to justify mastectomy for every small multicentric cancer
detected only on MR images constitutes
illegitimate copying of old guidelines to a
new situation. It is probably wrong.
In conclusion, it is not wrong to offer
682

preoperative breast MR imaging to depict
the actual extent of disease. It cannot be
wrong to know about existing cancers.
What is probably wrong is the thoughtless transfer of the package deal “multicentricity equals mastectomy” to every
multicentric cancer focus detected only
on MR images.
To prevent overtreatment due to unnecessary mastectomy on the one hand
and still reduce recurrence rates secondary to residual multicentric breast cancer
on the other, a reasonable compromise
would be to offer additional lumpectomy for small “MR-only” (detected only
on MR images) multicentric foci, if surgically feasible. This may be an oncologically safe and yet tissue-sparing alternative. Given the existing outcome
data and the effectiveness of wholebreast irradiation, it may even be justifiable to leave very small (⬍5-mm) lesions alone and offer watchful waiting
instead. Any of these approaches will be
safer than today’s practice: ignoring the
presence of residual invasive breast
cancers by not offering breast MR imaging for preoperative staging in the first
place. Clearly, prospective clinical trials
are urgently needed to further elucidate
these issues.
It is often argued that offering MR for
local staging in every patient with a recent
diagnosis of breast cancer would unduly

stretch health care expenditures. However, at the same time, MR imaging is
offered routinely in patients with, for example, lumbar pain or isolated headache.
This is done despite fact that in these
clinical settings, MR imaging will only
rarely (0.4%–2.0% of cases) influence
therapeutic management (114–118). This
is in contrast to preoperative breast MR
imaging, which will have an effect on the
therapeutic approach in 15%–27% of patients with biopsy-proved cancer—a cancer that is treated by means of local surgery, with curative intent. Therefore, if
costs are a consideration, this should
speak in favor of preoperative breast MR
imaging, not against it.
Pretherapeutic breast MR imaging
will have an even more important role
with the increasing availability of focused
cancer therapies, such as radiofrequency
or focused ultrasound ablation, or intraoperative radiation therapy. The more focused breast cancer treatment becomes,
the more important will it be to accurately
map the local extent of disease.

MR Imaging for Staging Axillary Lymph
Nodes
The assessment of axillary lymph nodes
conveys important prognostic information that is needed to guide stage-adapted
therapy for breast cancer. With the increasing number of women who are diagRadiology: Volume 244: Number 3—September 2007
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nosed with early-stage breast cancer, an
increasing number of axillary lymph node
dissections will yield healthy lymphatic
tissue. Since axillary lymph node dissection is associated with substantial morbidity, it is highly desirable to spare women
with healthy lymph nodes this very invasive procedure.
Fortunately, full axillary node dissection is increasingly being replaced by sentinel lymph node sampling. According to
recent American Society of Clinical Oncology guidelines (117), sentinel lymph
node biopsy is acceptable in the majority
of patients, including those with multicentric cancer or DCIS. This is fortunate because diagnostic imaging studies, with the
notable inclusion of MR imaging, PET,
and PET/computed tomography, are unreliable for this purpose: The maximum
sensitivity for MR imaging that has been
published is 83%—which is not acceptable on clinical grounds (118–120). Similarly sobering results were found in a
small group of 18 patients in whom ultrasmall superparamagentic iron oxide particles were used (121).

MR Imaging as First-Line
Imaging Modality
MR Screening in Women at Increased
Risk for Breast Cancer
Until recently, the use of breast MR imaging for screening was greatly discouraged. This has changed, in that MR is
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increasingly used for screening in selected subsets of women with an increased lifetime risk for breast cancer.
An increased risk for breast cancer can
be due to (a) a personal history of
breast cancer; (b) a history of a breast
biopsy, with “borderline” biologic behavior such as radial scar, lobular carcinoma in situ, or atypical ductal hyperplasia (122–124); (c) a history of mediastinal irradiation for Hodgkin disease;
or (d) a familial clustering of breast
and/or ovarian cancer (125,126). For
all of these subgroups, breast MR imaging has been successfully used to help
detect mammographically and sonographically occult breast cancer (127).
Higher-order evidence based on prospective multicenter cohort studies exists, however, only for the last group
(ie, women with familial or hereditary
breast cancer).
About 5%–10% of all cancers are
caused by a mutation in a breast cancer
susceptibility gene. The known sites are
BRCA1 and BRCA2; mutations of these
genes are responsible for about 40%–
50% of all familial cancers. The remainder are caused by other, as yet undefined, predisposing genes that are
known to exist but that cannot be tested
for. This implies that if a woman’s test
results are negative for BRCA mutations
but she has a strong family history, she
is still at risk to develop non-BRCA–
associated familial cancer. (The only exception to this rule—the only situation

where a negative mutational analysis results can be accepted as “predictive”—is
as follows: A specific mutation is known
to run in the family, and a family member’s test results are negative for this
specific mutation. In all other cases, a
high-risk status will be assumed.)
BRCA mutation carriers face an average lifetime risk of around 60%– 80%
for breast cancers and about 40% for
ovarian cancers (in women with BRCA1
mutation). Primary prevention in these
women is achieved by means of preventive mastectomy and ovariectomy. Ovariectomy is available as a minimally invasive endoscopic procedure and serves
two purposes: It eliminates the possibility of ovarian cancer, and it also helps
reduce the risk of subsequent breast
cancer by almost 30% (128,129). The
results of medical chemotherapeutic
prevention (eg, tamoxifen intake) are
less consistent (130). Preventive (riskreducing) mastectomy has been shown
to be very effective but is usually not
recommended as the first-line option
(131–134). Most guidelines, including
those of the American Cancer Society,
recommend “intensified surveillance”
(secondary prevention) as an alternative to mastectomy.
Screening for familial or hereditary
breast cancer is, however, difficult
(135–138). First, familial breast cancer
occurs early in a person’s lifetime: Peak
incidence is reached at 40 years of age
for BRCA1 carriers, and half of the

Overview of Published Results on Mammography and MR Imaging for Screening in Women with High Familial Risk for Breast Cancer
Study and Year
Kuhl et al, 2000 (6)
Tilanus-Linthorst et al, 2000 (14)
Stoutjesdijk et al, 2001 (13)
Warner et al, 2001 (12)
Trecate et al, 2003 (147)
Kriege et al, 2004 (143)
Warner et al, 2004 (142)
Leach et al, 2005 (144)
Kuhl et al, 2005 (145)
Kuhl et al, 2005 (146)
Sardanelli et al, 2007 (148)

No. of Participants

No. of Cancers Detected

MR Imaging
Sensitivity (%)
Specificity (%)

Mammography
Sensitivity (%)
Specificity (%)

192
109
179
196
24
1909
236
649
618
529
278

12
3
14
7
4
45
22
35
12
43
18

100
100
100
100
100
71
73
77
83
91
94

33
0
42
28
0
40
36
40
42
33
59

95
94
93
91
NP
NP
99
81
NP
97
NP

93
NP
96
99.5
NP
NP
99
93
NP
97
NP

Note.—NP ⫽ not provided.
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Figure 7

Figure 7: Preoperative staging of suspected DCIS in 42-year-old patient without clinical symptoms. (a) Bilateral screening mammographic views reveal clustered
calcifications (arrows) in prepectoral location in right breast. (b) Screening and (c) spot magnification mammographic views show group of relatively monomorphic
calcifications (arrows). Patient was scheduled to undergo vacuum biopsy of suspected DCIS. US images (not shown) were normal. (Fig 7 continues.)

breast cancers arise in women under
50. Therefore, screening has to start
early, usually at age 30 or even younger—
that is, at an age where average breast
density is high. Second, BRCA1-associated breast cancers tend to have benign
morphologic features (roundish shape,
pushing margins) and only rarely exhibit calcifications (6,15,139). The differential diagnosis of BRCA1-associated
cancer versus fibroadenoma or even
collapsed cysts may be difficult with
mammography and US. Third, familial
breast cancer tends to exhibit aggressive biologic behavior (high nuclear
grading, negative receptors), which implies that screening intervals have to be
kept short. Fourth, there is evidence
that a BRCA1 mutation is associated
with increased radiosensitivity. The intact BRCA1 gene has been implicated
in DNA repair, specifically the repair
of DNA double-strand breaks—a mutation that is typically caused by x684

rays. Very careful use of ionizing radiation would therefore seem advisable,
particularly in women with a documented BRCA1 mutation, although in
fact the short screening intervals and
early onset of screening will result in a
substantially increased cumulative
lifetime dose.
All these aspects will have an effect on
the success rate of mammographic
screening for familial breast cancer. Indeed, the results of mammographic surveillance in women with familial cancer
have been sobering. The overall sensitivity was low, and the rate of interval cancers (ie, the fraction of cancers that
were diagnosed between mammographic
screening rounds) has been as high as
high as 43%– 60% (15,139–141). A
number of prospective single- or multicenter trials have meanwhile been conducted to evaluate the role of MR imaging (6,13,142–148). The results of all
these studies are concordant in that

early diagnosis of cancer is substantially
improved if MR is included in the surveillance program. Cancers were diagnosed at a prognostically favorable stage,
with published sensitivity levels ranging
between 79% and 98% (Table). As a
result, MR imaging is now accepted as
an integral part of surveillance programs in women with suspicion of familial breast cancer (Fig 8).
The data regarding the specificity
and positive predictive value for
screening MR are less concordant: A
higher rate of false-positive diagnoses
for MR imaging than for mammography has been reported in several studies (142–144). The study by Warner
et al (142) provides a possible explanation for this: Whereas the rate of falsepositive MR diagnoses was high in the
1st year (at the beginning of the breast
MR screening project), the rate decreased from year to year to reach the
same level as that for mammography
Radiology: Volume 244: Number 3—September 2007
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Figure 7 (continued)

Figure 7 (continued): (d) Transverse Breast MR images (seven sections through both breasts in craniocaudal direction) of first postcontrast subtracted dynamic acquisition reveal non-masslike enhancement in entire upper inner quadrant, with extension toward the nipple, and enhancement in upper outer quadrant and contralateral
breast (arrows). On the right, MR-guided vacuum biopsy of the enhancing areas revealed high-grade DCIS (Van Nuys Prognostic Index of 9). With the MR-visible extent
of disease, mastectomy was justified. Right-side mastectomy confirmed high-grade DCIS extending toward the nipple and the entire upper inner quadrant of the right
breast. On the left, MR-guided vacuum biopsy of non-masslike segmental enhancement in lower inner quadrant was also positive for high-grade DCIS. Breast conservation was performed after MR-guided bracketing of the DCIS in the left breast.

after 4 years, where mammography and
MR exhibited equivalent positive predictive values. This observation, as well
as the results from other studies
(13,145–147), suggests that a high rate
of false-positive diagnoses is not inherent to the technique of breast MR imaging. Rather, it is due to limited experience with breast MR in a screening setting.
Radiology: Volume 244: Number 3—September 2007

Although the study published by
Kriege et al (143) showed a relatively
high percentage of breast cancers that
were false-negative on MR images but
were diagnosed due only to mammographic abnormalities, this high rate
was not observed in the other trials. To
date, however, this means that mammography is indispensable for screening
in women at high genetic risk. The only

exception should be made for women
with a documented BRCA1 mutation, in
whom the sensitivity achieved with
mammography is lowest and for whom
the issue of possibly increased radiosensitivity is unsettled. A possible compromise for other young women at increased risk may be to reduce the
number of mammographic views per
examination.
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Figure 8

Figure 8: Screening in 38-year-old woman at increased risk for breast cancer owing to strong family history of breast cancer, without pathogenic mutation at
BRCA site. (a) Bilateral mediolateral oblique two-view screening mammogram shows right and left breasts and is unremarkable and unchanged from previous
mammograms (BI-RADS 2). (b) Screening US image reveals two adjacent hypoechoic lesions (arrow) with posterior acoustic hyperechogenicity, considered to
represent cysts, which were categorized as benign (US BI-RADS category 2). (c– e) Transverse dynamic MR series includes (c) first and (d) second postcontrast
T1-weighted two-dimensional gradient-echo acquisitions (290/4.6; flip angle, 90°) and (e) immediate postcontrast subtracted image, which reveal oval enhancing mass with smooth borders and homogeneous internal enhancement (arrows), consistent with fibroadenoma. However, strong wash out was seen (compare
lesion signal intensity in c and d), as is shown on (f) time–signal intensity (SI) curve for enhancing mass. Lesion was categorized as MR BI-RADS 4 (suspicious
abnormality), and biopsy was recommended. MR-guided biopsy revealed 8-mm invasive ductal cancer (stage pT1b N0 M0, grade 2–3).

What is still unclear is whether the
early diagnosis afforded by MR imaging will, in fact, translate into improved disease-free and overall survival. It is also unclear where exactly
to draw the line between high risk versus intermediate and average risk.
With the exception of the study by
Warner et al (12), other trials included not only women at high risk
and those carrying a mutation, but
also women at intermediate risk,
686

which was defined as a calculated lifetime risk of 20%. When given separately, the results suggest that MR imaging improves the early diagnosis of
breast cancer in this subgroup as well.
This is important because these results concern a much larger fraction of
the female population (the number of
women who carry a high risk or are
mutation carriers is much smaller
than the number of women who carry
an intermediate risk).

MR Screening in Women at Average Risk
for Breast Cancer
According to the recent results of the
Digital Mammographic Imaging Screening Trial (149), the sensitivity of digital
or screen-film mammography in women
younger than 50 years of age, in premenopausal women, and in women with
heterogeneously dense and extremely
dense breasts ranges between 42% and
58% at 1-year follow-up. Even in the
Radiology: Volume 244: Number 3—September 2007
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entire study cohort (with an age range
of 47– 62 years, a breast density rated
as American College of Radiology class
1 or 2 in 53% of participants, and with a
60% rate of postmenopausal women),
the sensitivity achieved with conventional and digital mammography was
53% and 52%, respectively. All in all,
these results suggest that even in
women at average risk, there seems to
be room for improvement regarding the
sensitivity (and specificity) with which
early breast cancer is diagnosed.
It should be well understood that,
for the time being, there are no data
available that would ultimately prove
that breast MR imaging can do better.
The results that are available on the
comparative use of mammography and
MR for screening all were obtained in
patients at increased risk for breast cancer. However, there is no fundamental
biologic difference between women at
average risk and those at increased risk.
The main differences between screening in high-risk and in average-risk
women are the prevalence and incidence of breast cancer—that is, the a
priori probability that an individual will
have the target condition (ie, breast
cancer). If MR imaging is used for
screening in women at average risk,
many healthy women would unnecessarily undergo an expensive screening
test, such that the costs per cancer diagnosed would be far higher than those
calculated for the high-risk cohort, in
whom screening MR imaging has been
shown to be cost effective (150). In addition, it can be anticipated that the positive predictive value for screening in
women at average risk will be lower
than that achieved in the high-risk setting. This would further reduce costeffectiveness and may cause unnecessary anxieties among women.
And yet, most women fear a late
diagnosis of breast cancer more than a
false-positive diagnosis. Increasingly,
women prefer to decide for themselves
what risk to take, and they should be
adequately informed about their choices—irrespective of cost-effectiveness
considerations. There are an increasing
number of radiologists who can offer
substantial expertise with breast MR
Radiology: Volume 244: Number 3—September 2007

and who provide vacuum-core biopsy to
allow a minimally invasive clarification
of lesions that were detected only with
screening MR imaging. In this author’s
opinion, there is no medical reason for
these radiologists to withhold breast
MR imaging from asymptomatic women
at average risk who, after careful explanation of the possible advantages and
disadvantages of this approach, choose
for themselves to undergo the most sensitive test that is currently available for
diagnosing breast cancer.
In conclusion, there currently are no
scientific data to support the use of
breast MR imaging for screening in
women at average risk, and, for a number of reasons, it is unlikely that randomized controlled clinical trials will
ever be performed to provide such data.
For reasons of current costs and availability, it is not conceivable that MR
imaging will be used on a mass screening level. In view of the greatly superior
diagnostic power of breast MR imaging
that has been documented across virtually all possible clinical scenarios, it is
not justifiable to further discourage the
use of breast MR as an adjunct to mammography for individualized screening
in informed women at average risk.
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11. Heywang-Köbrunner SH, Viehweg P, Heinig A, Kuchler C. Contrast-enhanced MRI
of the breast: accuracy, value, controversies, solutions. Eur J Radiol 1997;24:94 –
108.
12. Warner E, Plewes DB, Shumak RS, et al.
Comparison of breast magnetic resonance
imaging, mammography, and ultrasound
for surveillance of women at high risk for
hereditary breast cancer. J Clin Oncol
2001;19:3524 –3531.
13. Stoutjesdijk MJ, Boetes C, Jager GJ, et al.
Magnetic resonance imaging and mammography in women with a hereditary risk of
breast cancer. J Natl Cancer Inst 2001;93:
1095–1102.
14. Tilanus-Linthorst MM, Obdeijn IM, Bartels
KC, de Koning HJ, Oudkerk M. First experiences in screening women at high risk for
breast cancer with MR imaging. Breast
Cancer Res Treat 2000;63:53– 60.
15. Tilanus-Linthorst M, Verhoog L, Obdeijn
IM, et al. A BRCA1/2 mutation, high breast
density and prominent pushing margins of a
tumor independently contribute to a frequent false-negative mammography. Int J
Cancer 2002;102:91–95.
16. Kuhl CK, Schrading S, Schild HH. MRI versus mammography for diagnosing pure ductal carcinoma in situ (DCIS): a prospective
observational cohort study [abstr]. In: Radiological Society of North America Scientific Assembly and Annual Meeting Program. Oak Brook, Ill: Radiological Society
of North America, 2006; 303.

687

STATE OF THE ART: Current Status of Breast MR Imaging

17. Abbruzzese JL, Abbruzzese MC, Hess KR,
Raber MN, Lenzi R, Frost P. Unknown primary carcinoma: natural history and prognostic factors in 657 consecutive patients.
J Clin Oncol 1994;12:1272–1280.
18. Hess KR, Abbruzzese MC, Lenzi R, Raber
MN, Abbruzzese JL. Classification and regression tree analysis of 1000 consecutive
patients with unknown primary carcinoma.
Clin Cancer Res 1999;5:3403–3410.
19. Pavlidis N, Briasoulis E, Hainsworth J,
Greco FA. Diagnostic and therapeutic management of cancer of an unknown primary.
Eur J Cancer 2003;39:1990 –2005.
20. Leibman AJ, Kossoff MB. Mammography in
women with axillary lymphadenopathy and
normal breasts on physical examination:
value in detecting occult breast carcinoma.
AJR Am J Roentgenol 1992;159:493– 495.
21. Schelfout K, Kersschot E, Van Goethem M,
et al. Breast MR imaging in a patient with
unilateral axillary lymphadenopathy and
unknown primary malignancy. Eur Radiol
2003;13:2128 –2132.
22. Vlastos G, Jean ME, Mirza AN, et al. Feasibility of breast preservation in the treatment of occult primary carcinoma presenting with axillary metastases. Ann Surg Oncol 2001;8:425– 831.
23. Henry-Tillman RS, Harms SE, Westbrook
KC, Korourian S, Klimberg VS. Role of
breast magnetic resonance imaging in determining breast as a source of unknown
metastatic lymphadenopathy. Am J Surg
1999;178:496 –500.
24. Schorn C, Fischer U, Luftner-Nagel S,
Westerhof JP, Grabbe E. MRI of the breast
in patients with metastatic disease of unknown primary. Eur Radiol 1999;9:470 –
473.
25. Olson JA Jr, Morris EA, Van Zee KJ, Linehan DC, Borgen PI. Magnetic resonance
imaging facilitates breast conservation for
occult breast cancer. Ann Surg Oncol 2000;
7:411– 415.
26. Cabioglu N, Hunt KK, Singletary SE, et al.
Surgical decision making and factors determining a diagnosis of breast carcinoma in
women presenting with nipple discharge.
J Am Coll Surg 2003;196:354 –364.
27. Slawson SH, Johnson BA. Ductography:
how to and what if? RadioGraphics 2001;
21:133–150.
28. Van Zee KJ, Ortega Perez G, Minnard E,
Cohen MA. Preoperative galactography increases the diagnostic yield of major duct
excision for nipple discharge. Cancer 1998;
82:1874 –1188.
29. Cardenosa G, Doudna C, Eklund GW. Duc-

688

Kuhl

tography of the breast: technique and findings. AJR Am J Roentgenol 1994;162:
1081–1087.
30. Simmons R, Adamovich T, Brennan M, et
al. Nonsurgical evaluation of pathologic nipple discharge. Ann Surg Oncol 2003;10:
113–116.
31. Dawes LG, Bowen C, Venta LA, Morrow
M. Ductography for nipple discharge: no
replacement for ductal excision. Surgery
1998;124:685– 691.
32. Dinkel HP, Trusen A, Gassel AM, et al.
Predictive value of galactographic patterns
for benign and malignant neoplasms of the
breast in patients with nipple discharge.
Br J Radiol 2000;73(871):706 –714.
33. Koskela A, Berg M, Pietilainen T, Mustonen P, Vanninen R. Breast lesions causing
nipple discharge: preoperative galactography-aided stereotactic wire localization.
AJR Am J Roentgenol 2005;184:1795–
1798.
34. Baker KS, Davey DD, Stelling CB. Ductal
abnormalities detected with galactography:
frequency of adequate excisional biopsy.
AJR Am J Roentgenol 1994;162:821– 824.
35. Orel SG, Dougherty CS, Reynolds C,
Czerniecki BJ, Siegelman ES, Schnall MD.
MR imaging in patients with nipple
discharge: initial experience. Radiology
2000;216:248 –254.
36. Daniel BL, Gardner RW, Birdwell RL, Nowels KW, Johnson D. Magnetic resonance
imaging of intraductal papilloma of the
breast. Magn Reson Imaging 2003;21:887–
892.
37. Nakahara H, Namba K, Watanabe R, et al.
A comparison of MR imaging, galactography and ultrasonography in patients with
nipple discharge. Breast Cancer 2003;10:
320 –329.
38. Wahl RL, Zasadny K, Helvie M, Hutchins
GD, Weber B, Cody R. Metabolic monitoring
of breast cancer chemohormonotherapy using positron emission tomography: initial
evaluation. J Clin Oncol 1993;11:2101–2111.
39. Bassa P, Kim EE, Inoue T, et al. Evaluation of
preoperative chemotherapy using PET with
fluorine-18-fluorodeoxyglucose in breast cancer. J Nucl Med 1996;37:931–938.
40. Smith IC, Welch AE, Hutcheon AW, et al.
Positron emission tomography using [(18)F]fluorodeoxy-D-glucose to predict the pathologic response of breast cancer to primary
chemotherapy. J Clin Oncol 2000;18:1676 –
1688.
41. Schelling M, Avril N, Nahrig J, et al. Positron
emission tomography using [(18)F]fluorodeoxyglucose for monitoring primary chemo-

therapy in breast cancer. J Clin Oncol 2000;
18:1689 –1695.
42. Tiling R, Linke R, Untch M, et al. 18F-FDG
PET and 99mTc-sestamibi scintimammography for monitoring breast cancer response to
neoadjuvant chemotherapy: a comparative
study. Eur J Nucl Med 2001;28:711–720.
43. Mankoff DA, Dunnwald LK, Gralow JR, et
al. Blood flow and metabolism in locally
advanced breast cancer: relationship to response to therapy. J Nucl Med 2002;43:
500 –509.
44. Krak NC, van der Hoeven JJ, Hoekstra OS,
Twisk JW, van der Wall E, Lammertsma
AA. Measuring [(18)F]FDG uptake in
breast cancer during chemotherapy: comparison of analytical methods. Eur J Nucl
Med Mol Imaging 2003;30:674 – 681.
45. Kim SJ, Kim SK, Lee ES, Ro J, Kang S.
Predictive value of [18F]FDG PET for
pathological response of breast cancer to
neo-adjuvant chemotherapy. Ann Oncol
2004;15:1352–1357.
46. Chen X, Moore MO, Lehman CD, et al.
Combined use of MRI and PET to monitor
response and assess residual disease for
locally advanced breast cancer treated with
neoadjuvant chemotherapy. Acad Radiol
2004;11:1115–1124.
47. Rieber A, Brambs HJ, Gabelmann A,
Heilmann V, Kreienberg R, Kuhn T. Breast
MRI for monitoring response of primary
breast cancer to neo-adjuvant chemotherapy. Eur Radiol 2002;12:1711–1719.
48. Tsuboi N, Ogawa Y, Inomata T, et al.
Changes in the findings of dynamic MRI by
preoperative CAF chemotherapy for patients with breast cancer of stage II and III:
pathologic correlation. Oncol Rep 1999;6:
727–732.
49. El Khoury C, Servois V, Thibault F, et al.
MR quantification of the washout changes
in breast tumors under preoperative
chemotherapy: feasibility and preliminary
results. AJR Am J Roentgenol 2005;184:
1499 –1504.
50. Delille JP, Slanetz PJ, Yeh ED, Halpern EF,
Kopans DB, Garrido L. Invasive ductal
breast carcinoma response to neoadjuvant
chemotherapy: noninvasive monitoring with
functional MR imaging pilot study. Radiology 2003;228:63– 69.
51. Meisamy S, Bolan PJ, Baker EH, et al. Neoadjuvant chemotherapy of locally advanced
breast cancer: predicting response with in
vivo 1H MR spectroscopy—a pilot study at 4
T. Radiology 2004;233:424 – 431.
52. Meisamy S, Bolan PJ, Baker EH, et al. Adding in vivo quantitative 1H MR spectroscopy
Radiology: Volume 244: Number 3—September 2007

STATE OF THE ART: Current Status of Breast MR Imaging

to improve diagnostic accuracy of breast
MR imaging: preliminary results of observer performance study at 4.0 T. Radiology 2005;236(2):465– 475.
53. Theilmann RJ, Borders R, Trouard TP, et
al. Changes in water mobility measured by
diffusion MRI predict response of metastatic breast cancer to chemotherapy. Neoplasia 2004;6:831– 837.
54. Galons JP, Altbach MI, Paine-Murrieta GD,
Taylor CW, Gillies RJ. Early increases in
breast tumor xenograft water mobility in
response to paclitaxel therapy detected by
non-invasive diffusion magnetic resonance
imaging. Neoplasia 1999;1:113–117.
55. Roth Y, Tichler T, Kostenich G, et al. Highb-value diffusion-weighted MR imaging for
pretreatment prediction and early monitoring of tumor response to therapy in mice.
Radiology 2004;232(3):685– 692.
56. Jaffer FA, Weissleder R. Molecular imaging
in the clinical arena. JAMA 2005;293:855–
862.
57. Herrada J, Iyer RB, Atkinson EN, Sneige N,
Buzdar AU, Hortobagyi GN. Relative value
of physical examination, mammography,
and breast sonography in evaluating the
size of the primary tumor and regional
lymph node metastases in women receiving
neoadjuvant chemotherapy for locally advanced breast carcinoma. Clin Cancer Res
1997;3:1565–1169.
58. Drew PJ, Kerin MJ, Mahapatra T, et al.
Evaluation of response to neoadjuvant chemoradiotherapy for locally advanced breast
cancer with dynamic contrast-enhanced
MRI of the breast. Eur J Surg Oncol 2001;
27:617– 620.
59. Partridge SC, Gibbs JE, Lu Y, Esserman LJ,
Sudilovsky D, Hylton NM. Accuracy of MR
imaging for revealing residual breast cancer
in patients who have undergone neoadjuvant chemotherapy. AJR Am J Roentgenol
2002;179:1193–1199.
60. Bodini M, Berruti A, Bottini A, et al. Magnetic resonance imaging in comparison to
clinical palpation in assessing the response of
breast cancer to epirubicin primary chemotherapy. Breast Cancer Res Treat 2004;85:
211–218.
61. Rosen EL, Blackwell KL, Baker JA, et al.
Accuracy of MRI in the detection of residual
breast cancer after neoadjuvant chemotherapy. AJR Am J Roentgenol 2003;181:
1275–1282.
62. Weatherall PT, Evans GF, Metzger GJ,
Saborrian MH, Leitch AM. MRI vs. histologic measurement of breast cancer following chemotherapy: comparison with x-ray
Radiology: Volume 244: Number 3—September 2007

Kuhl

mammography and palpation. J Magn Reson Imaging 2001;13:868 – 875.

tients with newly diagnosed breast cancer:
preliminary results. Radiology 2003;226:
773–778.

63. Huber S, Wagner M, Zuna I, Medl M,
Czembirek H, Delorme S. Locally advanced
breast carcinoma: evaluation of mammography in the prediction of residual disease
after induction chemotherapy. Anticancer
Res 2000;20:553–558.

74. Bedrosian I, Mick R, Orel SG, et al.
Changes in the surgical management of patients with breast carcinoma based on preoperative magnetic resonance imaging.
Cancer 2003;98:468 – 473.

64. Abraham DC, Jones RC, Jones SE, et al.
Evaluation of neoadjuvant chemotherapeutic response of locally advanced breast cancer by magnetic resonance imaging. Cancer
1996;78:91–100.

75. Quan ML, Sclafani L, Heerdt AS, Fey JV,
Morris EA, Borgen PI. Magnetic resonance
imaging detects unsuspected disease in patients with invasive lobular cancer. Ann
Surg Oncol 2003;10:1048 –1053.

65. Londero V, Bazzocchi M, Del Frate C, et al.
Locally advanced breast cancer: comparison of mammography, sonography and MR
imaging in evaluation of residual disease in
women receiving neoadjuvant chemotherapy. Eur Radiol 2004;14:1371–1379.

76. Kneeshaw PJ, Turnbull LW, Smith A, Drew
PJ. Dynamic contrast enhanced magnetic
resonance imaging aids the surgical management of invasive lobular breast cancer.
Eur J Surg Oncol 2003;29:32–37.

66. Yeh E, Slanetz P, Kopans DB, et al. Prospective comparison of mammography,
sonography, and MRI in patients undergoing neoadjuvant chemotherapy for palpable
breast cancer. AJR Am J Roentgenol 2005;
184:868 – 877.
67. Balu-Maestro C, Chapellier C, Bleuse A,
Chanalet I, Chauvel C, Largillier R. Imaging
in evaluation of response to neoadjuvant
breast cancer treatment benefits of MRI.
Breast Cancer Res Treat 2002;72:145–152.
68. Wasser K, Sinn HP, Fink C, et al. Accuracy
of tumor size measurement in breast cancer using MRI is influenced by histological
regression induced by neoadjuvant chemotherapy. Eur Radiol 2003;13:1213–1223.
69. Denis F, Desbiez-Bourcier AV, Chapiron C,
Arbion F, Body G, Brunereau L. Contrast
enhanced magnetic resonance imaging underestimates residual disease following
neoadjuvant docetaxel based chemotherapy for breast cancer. Eur J Surg Oncol
2004;30:1069 –1076.
70. Rieber A, Zeitler H, Rosenthal H, et al. MRI
of breast cancer: influence of chemotherapy on sensitivity. Br J Radiol 1997;70:
452– 458.
71. O’Higgins N, Linos DA, Blichert-Toft M, et
al. European guidelines for quality assurance in the surgical management of mammographically detected lesions. European
Breast Cancer Working Group. Ann Chir
Gynaecol 1998;87:110 –112.
72. Liberman L, Morris EA, Dershaw DD,
Abramson AF, Tan LK. MR imaging of the
ipsilateral breast in women with percutaneously proven breast cancer. AJR Am J
Roentgenol 2003;180:901–910.
73. Lee SG, Orel SG, Woo IJ, et al. MR imaging
screening of the contralateral breast in pa-

77. Kneeshaw PJ, Turnbull LW, Drew PJ. Role
of magnetic resonance imaging in the diagnosis and single-stage surgical resection of
invasive lobular carcinoma of the breast
[letter]. Br J Surg 2002;90(2):248.
78. Weinstein SP, Orel SG, Heller R, et al. MR
imaging of the breast in patients with invasive lobular carcinoma. AJR Am J Roentgenol 2001;176:399 – 406.
79. Munot K, Dall B, Achuthan R, Parkin G,
Lane S, Horgan K. Role of magnetic resonance imaging in the diagnosis and singlestage surgical resection of invasive lobular
carcinoma of the breast. Br J Surg 2002;89:
1296 –1301.
80. Ikeda O, Nishimura R, Miyayama H, et al.
Magnetic resonance evaluation of the presence of an extensive intraductal component
in breast cancer. Acta Radiol 2004;45:721–
725.
81. Hwang ES, Kinkel K, Esserman LJ, Lu Y,
Weidner N, Hylton NM. Magnetic resonance imaging in patients diagnosed with
ductal carcinoma-in-situ: value in the diagnosis of residual disease, occult invasion,
and multicentricity. Ann Surg Oncol 2003;
10:381–388.
82. Lampe D, Hefler L, Alberich T, et al. The
clinical value of preoperative wire localization of breast lesions by magnetic resonance imaging: a multicenter study. Breast
Cancer Res Treat 2002;75:175–179.
83. Boetes C, Mus RD, Holland R, et al. Breast
tumors: comparative accuracy of MR imaging relative to mammography and US for
demonstrating extent. Radiology 1995;197:
743–747.
84. Rieber A, Merkle E, Bohm W, Brambs HJ,
Tomczak R. MRI of histologically confirmed
mammary carcinoma: clinical relevance of
diagnostic procedures for detection of mul-

689

STATE OF THE ART: Current Status of Breast MR Imaging

tifocal or contralateral secondary carcinoma. J Comput Assist Tomogr 1997;21:
773–779.
85. Tillman GF, Orel SG, Schnall MD, Schultz
DJ, Tan JE, Solin LJ. Effect of breast magnetic resonance imaging on the clinical
management of women with early-stage
breast carcinoma. J Clin Oncol 2002;20:
3413–3423.
86. Sardanelli F, Giuseppetti GM, Panizza P, et
al. Sensitivity of MRI versus mammography
for detecting foci of multifocal, multicentric
breast cancer in fatty and dense breasts
using the whole-breast pathologic examination as a gold standard. AJR Am J Roentgenol 2004;183:1149 –1157.
87. Schelfout K, Van Goethem M, Kersschot E,
et al. Contrast-enhanced MR imaging of
breast lesions and effect on treatment. Eur
J Surg Oncol 2004;30:501–507.
88. Morakkabati N, Leutner CC, Schmiedel A,
Schild HH, Kuhl CK. Breast MR imaging
during or soon after radiation therapy. Radiology 2003;229:893–901.
89. Liberman L, Morris EA, Kim CM, et al. MR
imaging findings in the contralateral breast
of women with recently diagnosed breast
cancer. AJR Am J Roentgenol 2003;180:
333–331.
90. Lehman CD, Gatsonis C, Kuhl CK, et al.
MRI evaluation of the contralateral breast
in women with recently diagnosed breast
cancer. N Engl J Med 2007;356:1295–
1303.
91. Fischer U, Zachariae O, Baum F, von Heyden D, Funke M, Liersch T. The influence of
preoperative MRI of the breasts on recurrence rate in patients with breast cancer.
Eur Radiol 2004;14:1725–1731.
92. Van Goethem M, Schelfout K, Kersschot E,
et al. MR mammography is useful in the
preoperative locoregional staging of breast
carcinomas with extensive intraductal component. Eur J Radiol 2007;62(2):273–282.
93. Van Goethem M, Schelfout K, Kersschot E,
et al. Enhancing area surrounding breast
carcinoma on MR mammography: comparison with pathological examination. Eur Radiol 2004;14:1363–1370.
94. Van Goethem M, Schelfout K, Dijckmans L,
et al. MR mammography in the pre-operative staging of breast cancer in patients
with dense breast tissue: comparison with
mammography and ultrasound. Eur Radiol
2004;14:809 – 816.
95. Schrading S, Schild HH, Kuhl CK. Diagnosing ductal carcinoma in situ (DCIS) associated with invasive breast cancers: contrast
enhanced breast MRI compared with mam-

690

Kuhl

mography—a prospective study [abstr]. In:
Radiological Society of North America Scientific Assembly and Annual Meeting Program. Oak Brook, Ill: Radiological Society
of North America, 2006; 518.
96. Morrow M. Magnetic resonance imaging in
breast cancer: one step forward, two steps
back? JAMA 2004;292:2779 –2280.
97. Morrow M. Magnetic resonance imaging in
breast cancer: is seeing always believing?
Eur J Cancer 2005;41:1368 –1369.
98. Jatoi I, Proschan MA. Randomized trials of
breast-conserving therapy versus mastectomy for primary breast cancer: a pooled
analysis of updated results. Am J Clin Oncol
2005;28:289 –294.
99. Fisher ER, Sass R, Fisher B, Gregorio R,
Brown R, Wickerham L. Pathologic findings
from the National Surgical Adjuvant Breast
Project (protocol 6). II. Relation of local
breast recurrence to multicentricity. Cancer 1986;57:1717–1724.
100. Fisher B, Bauer M, Margolese R, et al. Fiveyear results of a randomized clinical trial
comparing total mastectomy and segmental
mastectomy with or without radiation in
the treatment of breast cancer. N Engl
J Med 1985;312:665– 673.
101. Fisher B, Redmond C, Fisher ER. The contribution of recent NSABP clinical trials of
primary breast cancer therapy to an understanding of tumor biology: an overview of
findings. Cancer 1980;46:1009 –1025.
102. Lippman ME. Selecting initial therapy for
invasive breast cancer. Cancer 1987;60:
2050 –2053.
103. Veronesi U, Banfi A, Salvadori B, et al.
Breast conservation is the treatment of
choice in small breast cancer: long-term results of a randomized trial. Eur J Cancer
1990;26:668 – 670.
104. Baum M. Current thinking on the management of primary carcinoma of the breast.
Ann R Coll Surg Engl 1983;65:289 –292.
105. Tabar L, Duffy SW, Vitak B, Chen HH,
Prevost TC. The natural history of breast
carcinoma: what have we learned from
screening? Cancer 1999;86:449 – 462.
106. Hellman S, Harris JR. The appropriate
breast cancer paradigm. Cancer Res 1987;
47:339 –342.
107. Hellman S. Dogma and inquisition in
medicine: breast cancer as a case study. Cancer 1993;71:2430 –2433.
108. Brooks JP, Danforth DN, Albert P, et al.
Early ipsilateral breast tumor recurrences
after breast conservation affect survival: an
analysis of the National Cancer Institute

randomized trial. Int J Radiat Oncol Biol
Phys 2005;62:785–789.
109. Whelan T, Clark R, Roberts R, Levine M,
Foster G. Ipsilateral breast tumor recurrence postlumpectomy is predictive of subsequent mortality: results from a randomized trial. Investigators of the Ontario Clinical Oncology Group. Int J Radiat Oncol
Biol Phys 1994;30:11–16.
110. Haffty BG, Reiss M, Beinfield M, Fischer D,
Ward B, McKhann C. Ipsilateral breast tumor recurrence as a predictor of distant
disease: implications for systemic therapy
at the time of local relapse. J Clin Oncol
1996;14:52–57.
111. Poggi MM, Danforth DN, Sciuto LC, et al.
Eighteen-year results in the treatment of
early breast carcinoma with mastectomy
versus breast conservation therapy: the National Cancer Institute randomized trial.
Cancer 2003;98:697–702.
112. Doyle T, Schultz DJ, Peters C, Harris E,
Solin LJ. Long-term results of local recurrence after breast conservation treatment
for invasive breast cancer. Int J Radiat Oncol Biol Phys 2001;51:74 – 80.
113. van Dongen JA, Voogd AC, Fentiman IS, et
al. Long-term results of a randomized trial
comparing breast-conserving therapy with
mastectomy: European Organization for
Research and Treatment of Cancer 10801
trial. J Natl Cancer Inst 2000;92:1143–
1150.
114. Frishberg BM. The utility of neuroimaging
in the evaluation of headache in patients
with normal neurologic examinations. Neurology 1994;44:1191–1197.
115. Jarvik JG, Hollingworth W, Martin B, et al.
Rapid magnetic resonance imaging vs radiographs for patients with low back pain: a
randomized controlled trial. JAMA 2003;
289:2810 –2818.
116. Jensen MC, Brant-Zawadzki MN, Obuchowski N, Modic MT, Malkasian D, Ross
JS. Magnetic resonance imaging of the lumbar spine in people without back pain.
N Engl J Med 1994;331:69 –73.
117. Lyman GH, Giuliano AE, Somerfield MR, et
al. American Society of Clinical Oncology
guideline recommendations for sentinel
lymph node biopsy in early-stage breast
cancer. J Clin Oncol 2005;23:7703–7720.
118. Gillan MG, Gilbert FJ, Andrew JE, et al.
Influence of imaging on clinical decision
making in the treatment of lower back pain.
Radiology 2001;220:393–399.
119. Kvistad KA, Rydland J, Smethurst HB, et
al. Axillary lymph node metastases in
breast cancer: preoperative detection with
Radiology: Volume 244: Number 3—September 2007

STATE OF THE ART: Current Status of Breast MR Imaging

dynamic contrast-enhanced MRI. Eur Radiol 2000;10:1464 –1467.
120. Mumtaz H, Hall-Craggs MA, Davidson T, et
al. Staging of symptomatic primary breast
cancer with MR imaging. AJR Am J Roentgenol 1997;169:417– 424.
121. Michel SC, Keller TM, Fröhlich JM, et al.
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