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Abstract: Compared with other fields of medicine, there is hardly an area that
has seen such fast development as the world of breast cancer. Indeed, the way
we treat breast cancer has changed fundamentally over the past decades. Breast
imaging has always been an integral part of this change, and it undergoes constant
adjustment to newways of thinking. This relates not only to the technical toolswe
use for diagnosing breast cancer but also to the way diagnostic information is
used to guide treatment. There is a constant change of concepts for and attitudes
toward breast cancer, and a constant flux of new ideas, new treatment approaches,
and new insights into the molecular and biological behavior of this disease. Clin-
ical breast radiologists and even more so, clinician scientists, interested in breast
imaging need to keep abreast with this rapidly changing world. Diagnostic or
treatment approaches that are considered useful today may be abandoned tomor-
row. Approaches that seem irrelevant or far too extravagant today may prove clin-
ically useful and adequate next year. Radiologists must constantly question what
they do, and align their clinical aims and research objectives with the changing
needs of contemporary breast oncology. Moreover, knowledge about the past helps
better understand present debates and controversies. Accordingly, in this article, we
provide an overviewon the evolution of breast imaging and breast cancer treatment,
describe current areas of research, and offer an outlook regarding the years to come.
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HOW A SMALL RADIOLOGICAL SUBSPECIALTY
BECAME THE PLACE TO BE

When I entered the field of medicine, breast cancer was a dreaded dis-
ease. Viewed from outside, at that time, breast imaging was a specialty
where people sat behind the scene and gathered to contemplate for
hours over superdelicate findings on plain x-rays, which nobody else
could see, not to speak of interpret. No systematic screening existed.
No quality assurance. People did what they thought was good, which
usually was what they had always done. Mammographic reports read
like novels and needed almost asmuch creative interpretation as reading
mammograms. Women presented with advanced stages of disease.
Women underwent surgery, usually by powerful surgeons—strong egos
who actually did not need imaging, nor histologic proof—to cut away a
breast. If women did not die of breast cancer, they would suffer from ter-
rible scars, discolored postradiotherapy skin, from grotesquely swollen
arms, from loss of womanhood. Or, they died.

So much has changed since then.
Nowadays, breast imaging rocks. Compared with other fields of

medicine, or other sectors in the field of imaging, there is hardly an area
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that has seen such fast development over the past decades. This relates
not only to the technical tools we use for our clinical task of diagnosing
disease that requires treatment. Indeed, the way we treat breast can-
cer has changed constantly and fundamentally over the past decades.
Breast imaging has always been an integral part of this change, and it
undergoes constant adjustment to new ways of thinking. Breast cancer
is now usually small and node-negative at the time of diagnosis, and
women are treated by a multi-disciplinary team of experts who all strive
to make her not only survive, but to also keep her female integrity. If di-
agnosed early, breast cancer now represents a highly curable disease.

Breast imaging is special. Nowhere else, possibly with the sole
exception of dedicated interventional radiology, is the radiologist as vis-
ible as in the breast imaging arena. Here, the radiologist is integrated in
a multidisciplinary team, where he or she is recognized as a physician
who assumes direct and personal patient responsibility and genuinely
cares for patients. The radiologist may accompany a woman for many
years for screening. When signs or symptoms of breast cancer arise,
or in case a screening abnormality is found, the radiologist will be the
first to discuss these findings with the patient and her family. It is usu-
ally the radiologist alone who decides whether biopsy is needed or not.
He or she will then do the biopsy and discuss the pathology results with
the patient, her family, and other health care providers. The radiologist
is experienced in communicating to a patient and her family that breast
cancer is present, and knows how to respond to sorrow and anxieties.
The radiologist will then, often enough, be asked to help find a breast
surgeon for the patient and will thus become a referring physician for
other disciplines.

Breast imaging was the first specialty in the field of imaging,
where standardized wording, and then standardized reporting, was de-
veloped to ensure that our messages are clear and unambiguously
taken.1 Breast radiologists were first to systematically communicate
factors that would interfere with a correct diagnosis, such as breast den-
sity or background enhancement.

Breast imagers have always been research oriented and led the
field by setting up randomized controlled clinical trials as early as in
the 1970s. In the 1990s, the International Breast MRI Consortium set
up the first-time-ever all-digital international multicenter trial,2–6 which
later on, led to the development of ACRIN, the American College of
Radiology Imaging Network, today one of the most important sponsors
of high-level multicenter trials in the field of diagnostic imaging.

For all these reasons, breast imaging is now indeed at the fore-
front of radiology, although possibly more or less unnoticed by most
of the radiological community.

Breast radiologists use imaging in its entire bandwidth. They
need to be familiar with plain radiography (eg, digital mammography
or digital breast tomosynthesis), with ultrasound in all its varieties,
and with dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI). Last, breast radiologists will always also be interventional
radiologists to conduct breast biopsies under mammographic, ultra-
sound, and MRI guidance, with all sorts of equipment.

An overview of research in the field of breast imaging needs to
reflect this variety. Therefore, this review will be far from complete, al-
though hopefully comprehensive.

A SHORT HISTORY OF BREAST IMAGING METHODS:
ONE-HIT WONDERS AND LONG-DISTANCE RUNNERS

When Investigative Radiology was born, breast imaging was
mammography, and mammography was film based. A large variety of
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imaging methods have been developed since then. Some were “one-hit
wonders”, others came to stay. Among the first, there were such tech-
niques as xeroradiography; thermography, a technique where a device
that resembled a blow dryer was used to demonstrate hyperperfused
areas within the breast; and more recently, electric impedance scanning.
Mammography, breast ultrasound, and MR imaging clearly belong to
the latter group.

Mammography was developed in the 1940s, although first used
without dedicated mammography units but on regular all-purpose x-ray
machines (the technique is described in an article authored by E.
Pendergrass in Radiology from 1946).7 The actual mammography units
we know today were introduced only in the 1960s. Large prospective
randomized controlled screening trials were conducted as early as in
the 1970s.

Breast ultrasound B-mode imaging was introduced in the late
1970s8–10 and first used for further distinction of cystic versus solid
breast masses. In Europe, breast ultrasound was rapidly embraced by
both breast surgeons and radiologists and used, on a routine basis, for
breast cancer screening and for diagnostic purposes since the 1980s.
In the United States, it took much more time for breast ultrasound to
be accepted as a breast imaging method on its own account, especially
if combined with advanced technical approaches such as color Doppler,
3-dimensional (3D) ultrasound, and shear-wave elastography (Fig. 1).
With the addition of a specific chapter on breast ultrasound acquisi-
tion guidelines, terminology, and image interpretation criteria in the
Breast Imaging Reporting and Data System lexicon in 2003, the use
of ultrasound in the United States is now growing.11
FIGURE 1. Contemporary breast ultrasound. A, High-resolution (15MHz)
2D ultrasound of a 55-year-old patient who presented for ultrasound
screening because of intermediately dense breasts. Screening ultrasound
revealed a subtle isoechoic mass. Shear wave elastography was suspicious
of infiltrating cancer. Biopsy revealed a small, 4-mm invasive ductal cancer
(pT1a, N0, M0). B, Three-dimensional ultrasound in a 56-year-old patient
presenting for screening. A hypoechoicmass was found at 2D ultrasound,
which seemed to exhibit suspicious growth pattern but appears benign
on 3D ultrasound. C, Ultrasound-guided core biopsy of the lesion seen in
(B) revealed sclerotic fibroadenoma.
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Breast MRI was developed in the late 1980s. The first contrast-
enhanced MRI study was conducted in 1986 in Germany simply be-
cause the MR contrast agent, gadolinium-DTPA, was invented and
developed by a German company.12 In the years that followed, the
technical approach to breast MRI in Europe and the United States dif-
fered, this time mainly driven by the respective technical limitations of
European versus US manufacturers of MR systems. Whereas European
vendors offered breast surface coils that covered both breasts, US ven-
dors offered single-breast coils only. Kaiser and Zeitler13 were the first
to describe that breast cancers not only enhance but exhibit fast en-
hancement, such that fast imaging is useful not only for detection but
also for differential diagnosis. A user of European equipment, Kaiser
had to establish fast bilateral breast MRI. At that time, this meant to
compromise on spatial resolution. With the (coarse) spatial resolution
resulting from a reduced 256–acquisition matrix over a bilateral field
of view (FOV), a subtle analysis of morphological details of enhancing
tissues was impossible, which closed the loop for the perceived impor-
tance of fast, dynamic imaging for differential diagnosis. In the United
States, the acquisition matrix could be spent on a much smaller FOV
of the single-breast setting. This allowed imaging with higher spatial
resolution, thus increasing the perceived importance of morphology
over kinetics. The unilateral US protocols could “afford“ to image the
breast in its natural long axis, that is, the sagittal direction; whereas
for European bilateral acquisition, the axial plane was the best choice.
Lastly, at that time, in the United States, MRI was not done by breast,
but by body radiologists. Body radiologists were keen to apply active
fat suppression for contrast-enhanced T1-weighted imaging. Compli-
cated techniques for fat suppression like “RODEO” were therefore
propagated—and were technically achievable only because of the small
FOV in the single-breast setting.14 In Europe, active fat suppression was
unattainable because of the large FOV required for bilateral imaging
and because the dynamic protocols would not accommodate time-
consuming prepulses needed for active fat suppression. Accordingly,
“passive fat suppression”, that is, image subtraction, was (and is) pre-
ferred by European breast MRI users.13,15–17

Overall, the different technical constraints in the United States and
in Europe in the early 1990s led to 2 different “schools” of MRI, with the
“US school” proposing unilateral sagittal, nondynamic, high–spatial res-
olution, actively fat-suppressed breast MRI, and the “European school”
suggesting bilateral axial, dynamic, low–spatial resolution subtracted im-
aging. For many years, this was perceived as significant “inconsistency”
of imaging methods, whereas indeed, this was simply a consequence of
the different technical equipment that was available to European and
US radiologists (see Kuhl and Schild18 and Kuhl19 for an in-depth re-
view). The different technical approaches did also affect how breast
MRI was used clinically, for example, first reports on the use of MRI
for preoperative staging of the affected (single) breast came from the
United States,20 whereas the first report on the use ofMRI for screening
(which implies imaging both breasts) stems from our group.21
TECHNICAL PROGRESS IN BREAST IMAGING
After its advent in the 1960s, therewas not much technical devel-

opment in the field of x-ray mammography for decades to follow.
Until the early 1990s, the only issue I remember is that radiologists
discussed on whether the medio-lateral-oblique projection should re-
place the mediolateral view. The first major advancement in the field
of radiographic breast imaging was made when digital mammography
was introduced in the early 2000s. Within less than a decade, it became
the standard of care. This was not so much for reasons of improved
diagnostic yield, accuracy, or cancer detection rate compared with
film-screen mammography; the DMIST trial, published in 2004, on
the comparison of film screen with digital mammography in more than
50,000 women, yielded surprisingly similar detection rates for digital
versus film-screen mammography.22 Rather, the major driving force
© 2015 Wolters Kluwer Health, Inc. All rights reserved.

www.investigativeradiology.com


Investigative Radiology • Volume 50, Number 9, September 2015 The Changing World of Breast Cancer
for the rapid incorporation of digital mammography into clinical prac-
tice was the fact that radiology departments in general went all-digital
in these years, for many practical reasons such as ease of image analy-
sis, distribution, storage, and retrieval.

In 1997, the first results on calculating tomograms from digital
mammography units were published.23 Digital breast tomosynthesis
(DBT) uses a concept that is actually old (conventional x-ray tomogra-
phy or planigraphy) to calculate quasi–cross-sectional images of the
breast—“quasi” because it is not a cross-sectional imaging method
or a “3D-mammogram”. Yet, DBT does indeed help compensate for
some of the weaknesses of regular projection mammography because
the resulting tomographic images help separate some of the super-
positioned normal and diseased tissues and thus improve the detection
of cancers. First introduced in 2008–2010 as an add-on imagingmethod
to complement digital mammography, for example, for problem solv-
ing,24 Digital breast tomosynthesis was quickly also absorbed for
screening purposes. Several large-scale clinical trials on more than sev-
eral hundreds of thousands of screening examinations were conducted,
written, and published within only a couple of years.25–29 The studies
concordantly found that DBT does increase the cancer detection rate
by approximately 30% to 50% compared with conventional digital
mammography, on average, by 1.25 per 1000, and is also useful to re-
duce recall rates and increase the positive predictive value of biopsy
recommendations. In short, it helps increase both the sensitivity and
specificity of mammographic breast cancer detection. The use of
DBT for screening had been criticized because of the additional dose
of ionizing radiation it requires when used in addition to digital mam-
mography.30,31 However, just recently, synthetic 2D mammography
was developed. In this approach, the DBT data set is used to calculate
a 2D projection image, that is, a synthetic regular mammogram.
These synthetic 2D mammogramswere shown to be as useful for breast
cancer diagnosis as are regular digital mammograms. Accordingly,
today, DBT plus synthetic 2D-mammography has become the new
standard in radiographic breast imaging for diagnosis of breast cancer
(Fig. 2).

Further developments in the field of radiographic breast imag-
ing, “contrast-enhanced spectral mammography”, copy the concepts
used so far only for breast MRI in that tumor angiogenesis is exploited
for imaging. Clearly, use of contrast enhancement will increase the can-
cer yield of 2D mammography.32–38 If contrast enhancement is
FIGURE 2. Digital breast tomosynthesis (DBT). A, A 65-year-old patient with st
The corresponding DBT image (B) displays the lesion much more clearly. This
(“C-view”) (C). Digital breast tomosynthesis–guided vacuum-assisted biopsy r

© 2015 Wolters Kluwer Health, Inc. All rights reserved.
combined with DBT, it does not take much divination to predict that
such imagingmethodswill come close towhat has been long-term stan-
dard for breast MRI, but this is also true for the respective complexity
and technical demands of these new techniques. Moreover, contrast-
enhanced spectral mammography or DBT is associated with ionizing
radiation and uses a contrast agent that has a significantly worse safety
profile than that of MR-based contrast agents.

The bottom line is that for radiographic breast imaging, the
development direction is toward increasingly complex, increasingly
demanding (and increasingly expensive) acquisition methods. For
breast MRI, this development direction is present as well and rep-
resented by high- and ultra–high-field, multiparametric, or hybrid
MR/PET techniques.39–41 However, for MRI, we proposed to also
move in the opposite direction. In good agreement with the “Keep it
simple and short” principle, we introduced the concept of “abbreviated
MRI” (AB-MRI).42 The aim of AB-MRI is to make MRI, in this
case, breast MRI, a real screening tool by greatly reducing image
acquisition and reading time. This is achieved by stripping tra-
ditional lengthy pulse sequence protocols down to their very essence,
thus reducing patients' magnet time as well as radiologist's image
reviewing time. The long-term goal is to increase access to MRI, for
example, breast MRI, by reducing costs associated with such exami-
nations (see Screening for breast cancer: why less can be more, but
more is still more).

Therefore, there is evidence to suggest that breast MRI will diver-
sify. There will be abbreviated breast MRI protocols, possibly combined
with future dedicatedMR systems that are optimized for high-throughput
imaging of dedicated body regions, for population-scale cancer screen-
ing. Additionally, there will be advanced multiparametric, possibly
hybrid breast MRI, probably on advanced high-field systems, that will
be used for disease classification in patients with suspected or already
proven to have breast cancer. The latter will be important for reasons
described subsequently:

BREAST CANCER IS NOT A SINGLE DISEASE:
TUMOR BIOLOGY BEATS STAGE

Until approximately 10 years ago, breast cancer was classified
mainly based on its morphology (ductal, lobular, tubular, and the like),
and further treatment assignment was based mainly on TNM stage (ie,
ellate lesion on her craniocaudal view of her digital full-field mammogram.
holds also true for the same patient's synthetic 2D fusion mammogram
evealed complex sclerosing lesion (radial scar).
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cancer size, presence or absence of lymph node metastases, and pres-
ence or absence of distant metastases). With the advent of molecular
subtyping of breast cancer, this concept has been more or less aban-
doned, or at least has been greatly amended. Classification of breast
cancers and treatment stratification is now based on their different gene
expression profile.43–46

In clinical practice, breast cancers are currently grouped into 4
major classes that are distinguished based on different patterns of geno-
mic additions and deletions. These groups are: luminal-A, luminal-B
(with or without human epidermal growth factor receptor 2 [HER2]
overexpression), HER2-positive, and triple-negative (nonbasal and
basal). In the clinical patient, these different subtypes are determined
by surrogate markers, that is, by immunohistochemical findings, to ob-
viate the need for gene expression profiling in every patient. These sur-
rogate markers are (a) presence of estrogen and progesterone receptors
(ER, PR), (b) overexpression of the oncogene HER-2, and (c) prolifer-
ation rate as measured by Ki-67.

Genomic subtypes provide prognostic information. On one end
of the spectrum, luminal-A cancers carry an excellent prognosis;
10-year-survival will be greater than 95% for localized disease. On
the other end of the spectrum, triple-negative (basal-like) are a heteroge-
neous group of biologically aggressive breast cancers that may behave
clinically almost like small-cell lung cancers and may take unpredict-
able metastatic pathways.

Genomic subtypes drive the choice of systemic treatment.
Luminal-A breast cancers respond so well to antihormonal treatment
(tamoxifen or aromatase inhibitors) that, usually, no cytotoxic chemo-
therapy is recommended even if axillary lymph nodes are positive.
In contrast, cytotoxic chemotherapy is consistently recommended for
the remaining subtypes. In addition, luminal-B cancers receive anti-
hormonal treatment, and HER2-positive cancers receive HER-2 block-
ers. Triple-negative tumors (TNT) receive systemic chemotherapy alone,
possibly including new agents such as poly ADP ribose polymerase
inhibitors or androgen receptor inhibitors.47,48

Approximately 30% to 40% of breast cancers belong to the
luminal-A category, another 20% to 30% to luminal-B, and 10% to
20% to HER-2 positive and to triple-negative breast cancer each.
Accordingly, a targeted therapy, by antihormonal and/or by HER2-
receptor blockade, is possible in between 80% and 90% of breast
cancer cases.

FROM DIAGNOSIS TO PREDICTION
AND PROGNOSTICATION

Since tumor biology (molecular subtyping) has replaced previ-
ous criteria for prognostic evaluation as well as previous concepts for
treatment allocation, there is a growing interest in establishing innova-
tive breast imaging methods, in particular, contemporary magnetic
resonance–based in vivo imaging biomarkers, to help classify tumor bi-
ology. Such techniques are diffusion-weighted imaging (DWI) and its
derivatives like diffusion kurtosis imaging and intravoxel incoherent
motion imaging, DCE-MRI and its kinetic analyses, and 1H or 31P
MR spectroscopy, all of which can be combined into so-called multi-
parametric (mp) breast MRI protocols.40,49–57

For instance, specifically high-grade tumors or tumors with
high (Ki-67) proliferation fraction are usually hypercellular compared
with surrounding normal breast tissue, which translates into restricted
diffusion of free water molecules on DWI. Mori et al50 have indeed
shown that ADC values correlate with proliferation rates in luminal-B
cancers. The increased cellular (ie, membrane) turnover in rapidly
growing tumors will lead to a detectable choline peak in proton MR
spectroscopy.58–61 Tumors need to maintain this growth by increasing
their local supply with oxygen and nutrients. This is achieved by releas-
ing peptides like vascular endothelial growth factor that induce local
angiogenesis. Angiogenesis leads to a fundamental change of a tumor's
618 www.investigativeradiology.com
microvascular architecture, with sprouting of existing vessels as well as
development of de novo formed vessels, usually with fenestrated vessel
wall linings that go along with increased vessel permeability. The in-
creased metabolic turnover leads to an increased amount of toxic waste
products that are removed through dilated drainage veins. The in-
creased perfusion leads to the well-known strong and early enhance-
ment in DCE-MRI, and the increased permeability, together with the
efficient venous drainage, cause the washout time course that is charac-
teristic of breast cancer.18,62 It has been shown that DCE-derived
enhancement kinetics correlate with estrogen receptor status, HER2-
status, nuclear grade/Ki-67, and epidermal growth factor receptor expres-
sion. The increased permeability leads to leakage of larger molecules
such as proteins from the intravascular to the interstitial space, which will
increase the oncotic (colloid-osmotic) pressure within the cancer, a fact
that drags water from the intravascular into the interstitial space and thus
increases the interstitialwater volume fraction. This, in turn, will correlate
with a cancer's signal in T2-weighted imaging.63 If angiogenesis fails or
is insufficient to reach the innermost cell layers of a cancer, then hypoxia
will occur, again detectable through the tumor's internal architecture of
enhancement in DCE-MRI (rim enhancement), or through blood oxy-
genation level dependent contrast MRI.57

Since the pulse sequences that provide such “functional” informa-
tion are usually associated with borderline signal-to-noise ratio, use of
higher magnetic fields such as 3.0 T or, more recently, even 7.0 T, prom-
ises an evenmore accurate and extensive assessment of tumor biology.41,64

Visualization of such functional information is useful in clinical
practice for a number of purposes.

First, it can be exploited for further differential diagnosis of en-
hancing lesions seen in breast MRI, that is, for the further differentiation
of benign, high-risk, andmalignant lesions in breastMRI. The combina-
tion of high-resolution cross-sectional morphology, enhancement kinet-
ics, a lesion's signal in T2-weighted images and in DWIs leads to a high
specificity and positive predictive value of contemporary breast MRI
protocols.40,65 Even regular 1.5-T breast DCE-MRI protocols are inher-
ently “multiparametric” compared with, for example, mammography or
DBT. The diagnostic accuracy achieved with such protocol is sufficient
to be used for so-called problem solving. Accordingly, and in contrast
to currently held beliefs, we have recently shown that breast MRI can
indeed be used to definitely settle screen-detected mammographic or
ultrasound findings and thus help avoid unnecessary biopsy.66

Second, such functional imaging methods promise to provide
additional independent diagnostic information that adds to our under-
standing of a cancer's ability to grow and metastasize. The current focus
on tumor genomics ignores the fact that successful tumor growth does
not only depend on a tumor's genomic toolbox but also on its microen-
vironment, that is, features of the tissue that hosts the cancer. The inter-
action between a cancer and its microenvironment, and the degree to
which a cancer is successfully shaping its environment to sustain its
growth, are probably best assessed by noninvasive in vivo functional
imaging. Accordingly, we propose that in the future, such mpMRI tech-
niques will be used to help amend the assessment of a tumor's aggres-
siveness and its biologic and prognostic importance.

Third, an established clinical situation where mp breast MRI is
used is to monitor response to systemic treatment.

MONITOR RESPONSE TO TREATMENT:
FROM RARE OCCASIONS TO CORE BUSINESS
Fortunately, today, most breast cancer patients do not exhibit dis-

tant metastases at the time of diagnosis, that is, patients are treated with
curative intent. Until recently, systemic treatment was administered only
after resection of the breast cancer to eradicate occult tumor cells and
thus improve survival. Accordingly, treatment (chemotherapy) was ad-
ministered in patients without (radiologically or clinically) visible resid-
ual tumor. This situation is referred to as adjuvant.
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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Already in the 1980s and 1990s, women with inoperable, locally
advanced breast cancer could undergo what was called “primary sys-
temic chemotherapy”, that is, chemotherapy administered prior to or
instead of surgery, with the intention to offer some local control, or to
downstage or downsize a cancer that was too large to undergo surgical
excision, that is, chemotherapy was given to (re-)attain operability. The
aim of breast imaging in this situation was to delineate the extent of the
residual cancer. Since the previous tumor bed may undergo fibrosis,
that is, be replaced by scar tissue, this was a difficult task for pure
morphologic/structural imaging techniques such as radiographic or ul-
trasound imaging. In the early tomid-1990s, contrast-enhancedMR im-
aging was proven to be very helpful to help detect residual disease with
high sensitivity.67 This was true for the types of chemotherapy that were
used at that time, that is, CMF, FEC, and FAC.

However, contemporary systemic treatment regimes consistently
contain taxanes (docetaxel and paclitaxel). We have recently shown that
on DCE-MRI, taxanes exhibit a direct antiangiogenic effect that is inde-
pendent of their cytotoxic effects.68 This leads to the fact that the correla-
tion between enhancement on MRI and cytotoxic efficacy is reduced.
Accordingly, and unlike 10 to 15 years ago, contrast-enhanced MRI is
not reliable in excluding the presence of residual disease in patients
who underwent taxane-containing chemotherapy regimes. Magnetic reso-
nance imaging, can, however, be used to demonstrate lack of response be-
cause false-positive enhancement at the site of a cancer is quite unusual.

In the 1990s, the concept of “neoadjuvant chemotherapy”
(NACT) was developed. The background was that with the tumor still
in place, it is possible to monitor its response to a given chemotherapy,
in lieu of the occult cancer cells that are not visible but that are the actual
target of systemic treatment. The local breast cancer thus serves as an
in vivo marker to rate the efficacy of a chemotherapy protocol. The
ability to track response and the possibility to change or adapt the
FIGURE 3. Multiparametric MRI to monitor NACT. A 49-year-old patient with
HER2-positive; Ki-67, 60%. Magnetic resonance imaging before and after ind
chemotherapy. Precontrast T1-weighted image of the dynamic series (A), first
subtracted images (C); DWI (b = 800) (D). Early and strong contrast enhancem
hypercellular aggressive cancer. Axillary lymph node metastases are present. P
first post-contrast subtracted images (G), DWI (b = 800) (D). After neoadjuvan
indicating response, albeit incomplete, to systemic treatment.

© 2015 Wolters Kluwer Health, Inc. All rights reserved.
treatment regime in case of insufficient tumor response were so intrigu-
ing that the concept was readily extended to also include patients with op-
erable breast cancer, where “down-staging” was no issue. In these
patients, the task is to depict response as early as possible to spare the pa-
tient ineffective chemotherapy and improve selection of other types of
treatment. This is an ideal application for mp breast MRI, because the
changes in molecular and cellular processes that are indicative of a can-
cer's response to treatment, will occur well before any changes of tumor
size can be observed on plain morphological (structural) imaging. It has
been shown that mp-MRI can detect these changes as early as a couple of
days after even a single administration of chemotherapy by proton spec-
troscopy, or change of ADC values in DWI, or change of enhancement
kinetics in DCE-MRI.41,56,58,60,61,67

With the advent of new targeted therapies, the role of NACT
is ever expanding. Patients who, after completion of NACT, have no re-
sidual invasive, that is who have achieved “pathological complete re-
sponse” (pCR), have a much better prognosis than women who do not.
This is because eliminating visible disease in the breast correlates closely
with complete eradication of micrometastatic disease that may be present
elsewhere in the body. Patients who achieve pCR have therefore a much
lower risk for subsequent distant disease recurrence, and, thus, a much
better overall prognosis. Achieving pCR has therefore become an impor-
tant prognostic marker, and is increasingly used for further treatment
stratification – and as a metric to evaluate new chemotherapeutic agents.
Accordingly, mpMRI is increasingly used for this purpose (Fig. 3).

SCREENING FOR BREAST CANCER: WHY LESS CAN
BE MORE, BUT MORE IS STILL MORE

Population-based systematic mammographic screening has been
shown to help reduce breast cancer mortality by (at least) 22% to
multifocal invasive breast cancer (no special type); ER/PR positive;
uction chemotherapy. A–D, Baseline MRI; E–H, MRI after neoadjuvant
postcontrast (B), maximum intensity projection of the first postcontrast
ent, washout, and greatly restricted diffusion are hallmarks of

recontrast (E), postcontrast (F), maximum intensity projection of the
t chemotherapy, enhancement kinetics as well as diffusion are changing,

www.investigativeradiology.com 619

www.investigativeradiology.com


Kuhl Investigative Radiology • Volume 50, Number 9, September 2015
34%.69 The effect onmortality reduction is possibly even larger because
the lead time achieved through screening may take even more time
to reach its full effect. The prospective randomized mammographic
screening trials conducted in the 1970s have proven that early diagnosis
of breast cancer does indeed translate into a survival benefit, which also
implies that breast cancer is not always or necessarily a “primary sys-
temic” disease.

Accordingly, screening mammography is already quite success-
ful; and yet, there is room for improvement.

For one, mammographic screening has been criticized because
it is associated with so-called overdiagnosis. Overdiagnosis relates to
the fact that cancers may take a “benign” course, that is, would not prog-
ress to a lethal disease even if left undiagnosed and thus untreated. Al-
though there is little disagreement about the fact that overdiagnosis does
exist, there is substantial debate about the actual fraction of breast can-
cer that would behave this way. Recent analyses suggest that a rate be-
tween 1% and 10% of cancers diagnosed by mammographic screening
is prognostically unimportant.70,71 Specifically, the increasing number
of low-grade ductal carcinoma in-situ (DCIS) that is picked up by
screen-detected calcifications will contribute to overdiagnosis.

For another, mammographic screening is associated with signif-
icant “underdiagnosis” of prognostically important breast cancer. The
simple fact that proves this statement to be true is the fact that despite
the well-established correlation between early diagnosis and prognosis,
and despite decades of mammographic screening, breast cancer con-
tinues to represent the second most important cause of cancer death
in women.

On pathophysiological grounds, overdiagnosis, but also underdi-
agnosis, of breast cancer due to mammographic screening is plausible.
Radiographic breast imaging (digital mammography, but also digital
breast tomosynthesis) is based mainly on the depiction of regressive
changes. Mammographic hallmarks of breast cancer are architectural
distortions, spiculated masses, and calcifications. This reflects patho-
physiological changes such as fibrosis and necrosis, in other words ef-
fects that are caused by cancer hypoxia and that lead to slowed growth
and cell death. Even before the discussion around overdiagnosis, it was
well established that mammography preferably detects slowly growing
cancers. Cancers detected throughmammographic screening are known
to enjoy a better prognosis than cancers of the same size and stage that
were not diagnosable through mammography, an effect known as
“length time bias”.72,73 Overdiagnosis is a length time bias put to ex-
treme. On the other hand, if a cancer is successful in maintaining its need
for perfusion, it will not develop necrosis or calcifications and will not
cause architectural distortions. Biologically important breast cancers are
therefore frequently occult on mammography and, if they are detectable
on mammography or ultrasound, may mimic fibroadenomas or even
cysts.49

Accordingly, overdiagnosis but also underdiagnosis is an un-
avoidable and logical consequence of the way we diagnose breast can-
cer with mammography.

Modern approaches to breast cancer screening should strive to
account for both issues. Radiologists must learn that the aim of breast
cancer screening is not to detect all breast cancers and their precursors
by all means. Rather, the goal must be to develop imaging methods that
combine amaximum sensitivity for prognostically relevant diseasewith a
desirable lack of sensitivity for disease that is prognostically unimportant.

Ultrasound has been proposed to improve breast cancer screen-
ing and has repeatedly been shown useful for women with dense
mammographic tissue, yielding an additional cancer detection rate by
approximately 4 per 1000.74–79 However, screening ultrasound is asso-
ciated with a prohibitively long radiologist's examination time. Based
on the ACRIN study by Berg et al,79 ultrasound screening took approx-
imately 20 minutes of radiologist's time and was associated with a PPV
below 10%, such that important downstream costs due to unnecessary
biopsies occur.
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Over recent years, it has become increasingly evident that breast
MRI is by far the most powerful breast imaging technique currently
available. Across all different clinical and screening scenarios, MRI
has been shown to be superior to mammography, be it for diagnosing
primary or recurrent invasive or intraductal cancer,80 irrespective of a
woman's breast density.21,81–93 Magnetic resonance imaging is now an
established part of all screening programs for women at elevated risk
of breast cancer and has recently been shown to improve disease-free
survival of women with BRCA mutation and other high-risk women.
Depending on the degree of risk on women undergoing screening
MRI, the additional cancer yield afforded by MRI ranges between 15
per 1000 and 55 per 1000, a substantially higher rate than that achieved
by DBT or ultrasound screening.

Yet, the sensitivity gradient between MRI and conventional im-
aging is notably independent of awoman's personal risk of breast cancer
or her radiographic breast density. In other words, MRI is better for
early diagnosis, no matter what the personal risk is or whether the breast
is dense or not. The current restriction to use of MRI for high-risk
screening only is a matter of allocation of health care costs, that is, it fol-
lows from economic considerations, rather than medical reasoning.

The major difference between mammography or ultrasound and
MRI is that in breast MRI, cancer is detected owing to local contrast
enhancement. As explained earlier, MRI is not only a diagnostic tool
but is indeed an effective in vivo biomarker for disease activity or tumor
biology. Enhancement of a DCIS or of an invasive cancer depends on a
locally increased vessel density, an increased vessel permeability, and,
in the case of DCIS, an increased permeability of the ductal basal mem-
brane.94 Accordingly, breast cancer detection in MRI is based on path-
ophysiological changes that are indicative of cancer proliferation,
infiltrative growth, and metastasis. In fact, the more angiogenesis or
protease activity a cancer or DCIS exhibits, the higher the likelihood
that it will be detected by MRI. In line with this, it has repeatedly been
shown that MRI is associated with something one could call a “reverse
length time bias”. Cancer detection in MRI is biased toward prog-
nostically important disease. Cancers only detected by MRI tend to ex-
hibit high nuclear grade, high Ki-67 values, that is, hallmarks of rapid
growth. In turn, malignant lesions that went undetected by MRI screen-
ing, and picked up by mammography alone, typically constitute low-
grade DCIS. Trials that compared the added value of mammography
in women undergoing MRI for screening concordantly found that the
additional cancers diagnosed through mammographic screening mainly
represent disease with limited, if any, prognostic importance.

Currently, costs are the major impediment for a broader use of
breast MRI screening. One important reason for the high cost is that
current breastMRI protocols are time consuming to acquire and to read.
Mammographic screening, on the other hand, is a highly standardized
and relatively simple procedure. Women undergo a quick radiological
examination—mammography—and the resulting mammograms are
interpreted by highly trained and specialized screening radiologists
who batch read up to 50 mammograms per hour.

This is why we proposed the concept of abbreviated breast MRI
(AB-MRI). This protocol consisted of an abridged dynamic series that
consisted of only one pre- and one post-contrast acquisition - that is an
MR system table time of about 3 minutes. The resulting subtracted
images (First Post Contrast Subtracted or FAST images) and the re-
spective Maximum Intensity Projection (MIP) were read by experienced
breast radiologists. This protocol, together with our regular breast MRI
protocol, was prospectively used for screening.42 We found that with
such an AB-MRI screening protocol, image interpretation time (ie, ra-
diologist's reading time) was as short as 3 seconds for establishing ab-
sence of breast cancer based on a negativemaximum intensity projection
(MIP) image and under 30 seconds for further interpretation of positive
MIP images on FAST images. With such an abbreviated protocol, the
same added cancer yield was achieved as with the regular screening
breast-MRI protocol (Fig. 4).42
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 4. A 65-year old woman undergoes average-risk screening for breast cancer. A, Screening mammogram; B, MIP image of her AB-MRI.
The mammogram (A) shows heterogeneously dense breast tissue without evidence of breast cancer. Her Abbreviated (FAST) MRI reveals an enhancing
mass in her left breast. Biopsy confirmed presence of invasive breast cancer in the left breast.
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Accordingly, with the AB-MRI approach, screening breast MRI
seems to be feasible without compromise on sensitivity and specificity
and could thus be used to open up the opportunity for “batch MRI
screening” according to the model of mammographic screening. We
are convinced that this will now pave the ground for a broader use of
MRI for screening and increase access to screening breast MRI.

We hope that in the long run, AB-MRI will allow for MRI
screening to be used also for women at average risk. Not as a supple-
mental imaging method, that is, not in addition to mammography–but
as a replacement. Using MRI alone for screening, we will be able to
avoid both, underdiagnosis of prognostically important breast cancer,
and overdiagnosis of low-grade DCIS.

SURGICAL TREATMENT OF BREAST CANCER:
FROM RADICAL TO DISPENSABLE

Theway the medical community has thought about breast cancer
has changed a couple of times over the past decades; it is actually a nice
piece of evidence for the fact that there is something like a “cultural his-
tory of medicine”. At the time when Investigative Radiology came to
see the light of the day, radical mastectomy was the standard treatment,
a mutilating procedure that involved resection of the entire breast in-
cluding the skin, the major and minor pectoral muscle, and sometimes,
even part of the chest wall.95,96

Women suffered not only because of the bodily harm and the as-
sociated significant morbidity and mortality but also because of the
devastating disfigurement they had to copewith. Undergoing such local
radical surgery, that is, sacrificing her female identity, was considered
the sole chance for survival. Later on, the concept of breast cancer as
a “primary systemic disease” was en vogue and led to the impression
that local treatment was almost unimportant. Only in the late 1990s
did the medical community come to understand that local and systemic
control is important and is needed to improve survival. Breast conserva-
tion surgery became the standard treatment and consisted of removal of
the cancer, followed by whole-breast radiation. The latter was adminis-
tered to reduce local recurrence rates from more than 30% (without ra-
diation) down to well below 5% at 10 years.

With the advent of breast-conserving surgery came the concept
of “safety margins” for the excised breast cancer and their precursors,
that is, DCIS. With this came the need for imaging methods that help
the surgeon delineate the extent of disease within the breast before
embarking for surgery.

Recently, the role of surgical margins is again declining. A safety
margin is not required any more for invasive cancers; the new concept
uses the criterion “no tumor on ink”, that is, no invasive cancer abutting
the resection margins, to provide sufficient protection from local recur-
rence, and a free margin of only 2 mm is currently considered sufficient
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
for DCIS. Yet, as long as the aim of surgery is to ensure an R0 resection
(ie, no tumor left, with or without safety margin), accurate imaging is
needed to delineate the extent of disease. Breast MRI has been shown
to be far more accurate than mammography and breast ultrasound for
delineating the actual extent of disease in patients who are scheduled
for breast conserving treatment irrespective of the type of breast cancer
(ductal or lobular or other), of the size of the breast cancer, of the mam-
mographic breast density or the age of the patient. In short, preoperative
breast MRI improves the depiction of the extent of a given cancer and
should therefore be offered to every patient with newly diagnosed breast
cancer (Fig. 5).5,95–112

Opponents argue that MRI has not been shown to reduce local
recurrence or reduce the number of “travels to the OR”.113,114 This crit-
icism sounds scientifically founded but does indeed disclose a misun-
derstanding of the concepts of evidence-based medicine. As a matter
of fact, there are too many confounding factors between a (more) accu-
rate diagnosis and the ultimate post-treatment outcome, be it in surgical
or oncological outcome variables, to attribute such outcome to the diag-
nostic test. Specifically, surgical outcome variables (eg, reoperation
rates) suffer from “individual”, that is, nonstandardized surgical styles.
A recent analysis found that among 55 different breast surgeons who
worked in the same breast center in a US institution, reoperation rates
varied, unrelated to surgical experience, between 0% and 70%.115

These broad variations will not allow an impact of diagnostic imaging
to shine through. This—the many confounders between diagnosis and
ultimate outcome of a patient—is the reason why the Oxford Center
of Evidence-Based Medicine does not even ask for such outcome vari-
ables to justify the use of new diagnostic methods.116 Instead, evidence-
based medicine requires that new diagnostic tests be evaluated by com-
paring their diagnostic accuracy, ideally based on intraindividual head-
to-head comparisons, and applying a standard of reference (ideally his-
tology). This is the exact type of evidence that is available for MRI for
treatment planning. Accordingly, there is no need for further evidence
on reoperation or survival rates, or, as a very insightful letter to the ed-
itor by Peralta and Tucker, put it: “Perhaps […] surgeons […] may en-
gage in wishful thinking that, because they have not been able to
improve their outcomes, they can advocate dispensing with […] preop-
erative magnetic resonance imaging … [and] discarding a technology
that may be more precise than our ability to apply it.”117
RADIOTHERAPY—WHOLE BREAST TO LOCALIZED
Until the early 2000s, whole-breast radiation with a cumula-

tive dose of 50 Gy, fractionated to cover a time span of approxi-
mately 6 weeks, was considered standard of care. Until the late 1990s,
women with a cancer located in the inner quadrants also underwent pro-
phylactic parasternal irradiation. However, the major site of local
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FIGURE 5. Local staging of breast cancer with MRI. A 42-year old patient with a small group of clustered microcalcifications on her mammogram, and
large DCIS visible only on magnetic resonance imaging performed for surgical treatment planning. A–C Digital mammogram. A, MLO views and B,
cranio-caudal (CC) views of both breasts. Clustered calcifications are seen in the immediate pre-pectoral region of the left breast, upper inner quadrant. C,
Coned down view on left breast confirms presence of suspicious calcifications. D, Additional ultrasound for treatment planning does not reveal a correlate
for the suspected DCIS. E and F, Preoperative MRI. First postcontrast subtracted image (E), maximum intensity projection of all first postcontrast
subtracted images (F). Magnetic resonance imaging reveals a huge area of non-masslike enhancement (NMLE) in a segmental distribution that extends
from the area of the calcifications in the dorsal-prepectoral region all through the upper inner quadrant and into the nipple. Magnetic resonance-guided
biopsy confirmed the actual extent of disease that was greatly underestimated by mammography (and ultrasound).
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recurrence is the site of the resected primary breast cancer; this gave rise
to the concept of “accelerated partial breast radiotherapy” or “intraoper-
ative radiotherapy”, that is, radiotherapy delivered already in the operat-
ing room, immediately subsequent to surgery, as a single session.

With the advent of such localized radiation treatment approaches,
the importance of local staging of breast cancer is again increasing.
Whereas the additional multifocal or multicentric breast cancer identi-
fied by breast MRImay not require specific treatment as long as women
undergo whole-breast radiation, this will be different for women who
are to undergo partial breast radiation alone. Here, the additional (mul-
tifocal, multicentric) presumed cancer foci depicted by MRI require
aggressive workup and additional surgery, or may justify to return to
whole-breast radiation.118–120

THE AXILLA: WHY IMAGING OF LYMPH NODE
METASTASES WAS NOT NEEDED—UNTIL

MAYBE RIGHT NOW
Until approximately 10 years ago, all women with invasive

breast cancers underwent full axillary dissection. This procedure was
associated with significant morbidity and even mortality. Debilitating
lymphedema, often with grossly swollen upper extremities, were com-
mon adverse effects and were dreaded by patients even more than the
actual surgery in the breast. Today, sentinel lymph node biopsy is stan-
dard and implies the selective (radionuclide) imaging-guided sampling
of a single or a couple of axillary nodes that drain lymphatic channels
from the site of the breast cancer. This procedure is already associated
with only modest adverse effects and little, if any, complications; it is
a small surgical excision.121 Then, in 2011, the ACOSOG Z001 trial
demonstrated that patients with positive sentinel lymph nodes who
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did not proceed to axillary dissection had similar recurrence-free sur-
vival as patients who did undergo this procedure. Accordingly, today,
surgical clearance of the axilla is increasingly omitted, even in patients
who do have positive sentinel nodes.122

This is another nice example how changing clinical practice will
have an impact on the clinical use of breast imaging and opens up new
areas of research. Until recently, information on lymph node metastases
through breast imaging was not needed; sentinel lymph node biopsy
was doing a perfect, minimally invasive job and allowed the detection
of evenmicrometastases on a cellular level. Accordingly, although there
have been many attempts to do the same with imaging methods, they
did not thrive because there was no real clinical need to drive this
research.123–125 Now, with the oncological community moving away
from axillary sampling in patients with positive sentinel node, there is
indeed a clinical need for imaging to rule out gross axillary disease,
something that will be readily done with ultrasound or MRI.

OBTAINING TISSUE DIAGNOSES: FROM SURGERY
TO IMAGE-GUIDED BIOPSY

A tissue diagnosis is needed before breast cancer treatment is
administered. However, one would probably be surprised to see how
many women underwent breast surgery, including even radical surgery,
without any histologic proof of breast cancer, but only for a vaguely
palpable abnormality, at the time when Investigative Radiology was
born in the 1960s. At that time, and for a long time thereafter, the breast
surgeon was the “man of the house” at whose sole discretion was
the treatment of a given patient (with or without breast cancer). Luck-
ily, this concept was gradually but ultimately successfully abandoned
with the advent of treatment guidelines and multidisciplinary tumor
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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conferences, where breast surgeons seek consensus with other ther-
apeutic specialties such as oncologists, radiotherapists, radiologists,
and pathologists.

To obviate the need for repetitive surgery (for tissue sampling
first, then for the actual treatment), in the 1980s, “frozen sectioning” be-
came popular. This meant that during surgery, tissue of the questionable
lesion was deep-frozen in liquid nitrogen and expedited to the path-
ology department, where a pathologist rushed through the frozen spec-
imen to decide whether breast cancer was present or not. Frozen
sectioning was propagated to reduce the need for additional surgery;
yet indeed, it became a true nightmare for womenwith breast cancer. This
was because when women entered the operating room, they would not
know whether they would awake with her breast—or without it. More-
over, freezing artifacts led to pathological interpretation errors, such that
erroneous diagnoses of breast cancer could lead to unnecessary radical
surgery. Luckily, with the advent of nonsurgical biopsy capabilities de-
scribed below, frozen sectioning has now completely disappeared.

Only in the early 1990s did the first reports on the use of percu-
taneous core biopsy appear. However, these received substantial skepti-
cism from the side of the surgeons.126–130 The background was that at
that time, surgeons aimed to remove a questionable lesion by an en
block resection. Surgeons were trained to avoid by all means to transect
FIGURE 6. Digital breast tomosynthesis–guided biopsy. A 49-year-old patient
breast, not amenable to conventional prone stereotactic biopsy. A, Setup dur
decubitus position. The breast is positioned in the same way as during her dia
mammogram obtained in an outside institution revealed a cluster of calcificat
CC view (“Cleopatra view”) obtained in-house demonstrated that the calcifica
prepectoral region. E, Scout DBT image before biopsy is used to locate the ca
for imaging is quite similar to that used during diagnostic mammography. F,
DBT after clip placement reveals that the clip is in the exact location of the tar
confirms removal of calcifications and correct clip position in the second plan
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a possible cancer because this was believed to promote metastatic
seeding.131 This may explain the resistance against core biopsy. Until
the late 1990s, many breast surgeons discouraged its use, and if patients
had undergone core biopsy, surgeons would resect not only the cancer
but also the so-called biopsy tract.

With increasing confidence in the safety of core biopsy, this
technique was increasingly adpoted in clinical practice, and is now
recommended by all guidelines as the preferred way of obtaining his-
tologic proof of any given breast lesion. Core biopsy was and is
mostly done under ultrasound guidance, typically with 14G or 16G
needles. Yet until even the late 1990s, women with mammographically
visible microcalcifications had no choice but to undergo surgical
biopsy because calcifications could not be adequately sampled by
core biopsy. This changed with the advent of vacuum-assisted bi-
opsy, first used under mammographic guidance to sample areas with
microcalcifications.132,133

The advent of dedicated vacuum biopsy systems that used ded-
icated tables that allow biopsy with the patient in the prone position
helped foster the technology of vacuum-assisted breast biopsy (VAB)
under mammographic guidance. Guidelines now require nonsurgical
histologic sampling as standard of practice (Fig. 1C); quality assur-
ance guidelines for certified breast centers in Europe require that at least
with a cluster of microcalcifications located in the far back of her left
ing DBT-guided biopsy with the AFFIRM system. Patient is in the lateral
gnostic mammogram. B, MLO view (B) and CC view (C) of a digital
ions that was not visible on the corresponding CC view. D, Exaggerated
tions are indeed located in the upper outer quadrant, immediate
lcifications. Note that the position of the breast and the window used
Prefire position with the vacuum biopsy needle (9G) in place. G, Control
get. H, Control exaggerated CC view after completion of intervention
e. Histology revealed high-grade DCIS.
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80% of clinical or imaging findings that need histologic clarification to
undergo imaging-guided core biopsy; surgical procedures should be
done for this purpose only in exceptional cases.

With the advent of the DBT, a quasi–cross-sectional mammo-
graphic imaging method has become available. We have shown that this
can be exploited to help greatly facilitate mammography-guided vac-
uum biopsy.134 This is because in conventional prone stereotactic breast
biopsy, imaging of the biopsy area, that is, depiction of the target lesion,
is possible only through a very small biopsy window that needs to be
positioned appropriately to cover the site of the target lesion, something
that can be difficult to achieve. With DBT guidance, the entire full
mammographic field can be used for imaging the target during biopsy.
Moreover, DBT provides immediate information about the depth of the
target in the z-direction–an information that is not obtainable in biopsy
procedures conducted under mammographic guidance, but has to be pro-
vided by cumbersome steps such as “triangulation”. Since DBT provides
such depth information, DBT-guidance of a biopsy allows a significant
FIGURE 7. Ultrasound-guided vacuum ablation. A 42-year-old concerned pat
fibroadenoma. Minimally invasive treatment was offered by ultrasound-guide
image of her preinterventional MRI (B) reveal a large fibroadenoma in her righ
the palpable fibroadenomawith typical ultrasound appearance. D, Puncture of
system (ATEC). E, Ultrasound image obtained during vacuum ablation. Note t
removal of the fibroadenoma. G, Ultrasound image after removal of the biops
(H, first postcontrast subtracted; I, corresponding MIP) confirms complete rem
prior extent of the target lesion. The patient underwent follow-up without evi
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reduction of the time needed to complete a vacuum biopsy. In addition,
DBT guidance enables one to also safely target low-contrast lesions such
as noncalcified masses or architectural distortions - mammographic le-
sions that are difficult, and often enough impossible, to biopsy with reg-
ular prone mammographic biopsy tables (Fig. 6).

Magnetic resonance-guided vacuum biopsy took off only a cou-
ple of years after mammographically guided vacuum biopsy, but took a
far slower course. This is despite the fact that the equipment for MRI
guided vacuum biopsy was commercially available only a few years af-
ter that for mammographically-guided vacuum biopsy, and it is despite
the fact that calculating needle trajectories is technically far easier in a
cross-sectional imaging method like MRI compared with a projection ra-
diographic technology like mammography. Today, MR-guided vacuum
biopsy is safe and efficient, with technical and clinical success rates rang-
ing more than 90%.135

Modern systems allowone to collect almost unlimited amount of
tissue during vacuum-assisted biopsy. This approach, which we would
ient with palpable fibroadenoma presented for resection of that
d vacuum ablation. First postcontrast subtracted image (A) and MIP
t breast, upper outer quadrant. C, High-frequency ultrasound reveals
the fibroadenoma under ultrasound guidance with a 9G vacuum ablation
he ultrasound-visible biopsy notch. F, Ultrasound image obtained after
y needle reveals minimal hematoma. H, I, Postinterventional MRI
oval of the fibroadenoma, with resection margins exactly matching the
dence of recurrent fibroadenoma.
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call vacuum ablation,136 opens up the possibility to obtain histologic
proof and remove breast cancer within one session, which leads to the
issue of percutaneous treatment of breast cancer (Fig. 7).

FROM PERCUTANEOUS BIOPSY TO PERCUTANEOUS
TREATMENT OF BREAST CANCER

As in other fields of radiology and interventional oncology,
several approaches have been developed to offer local percutaneous
treatment of breast cancer. Data were published for percutaneous radio-
frequency or microwave ablation, for percutaneous cryotherapy, for
high-intensity focused ultrasound methods, and for vacuum ablation.
Yet, whereas such percutaneous treatment methods are well accepted
and used on a broad scale to treat liver, thyroid, prostate, and lung can-
cer, they have not gained widespread use or acceptance in the treatment
of primary breast cancer; indeed, it is certainly correct to state that these
techniques are nonexisting in current clinical patient care.

A good reason for the reluctance to use percutaneous methods to
treat local breast cancer is that breast cancer surgery, unlike, for exam-
ple, surgery of lung, liver, or prostate, is usually technically easy and
associated with minimal adverse effects and satisfactory cosmetic out-
come. Accordingly, there has been very limited, if any, clinical need
for such interventions. Second, such treatment methods do not provide
the margin information, that is, information that, up to now, has been
considered of utmost importance to ensure long-term local control in
the breast cancer patient.

However, owing to the substantial progress with regard to
targeted systemic therapies, the relative importance of local surgical
treatment is on the decline. This decline manifests itself through the de-
creasing importance of surgical margins or through the fact that even af-
ter positive sentinel lymph nodes, surgical clearance of the axilla has
been abandoned. One could argue that the conventional terminology
of chemotherapy as adjuvant is increasingly less appropriate. Rather,
targeted systemic treatment is now key, and surgery (or local ablation)
is becoming adjuvant.

The declining importance of local surgery, together with
the progress that has been made in image-guided percutaneous treat-
ment, suggests that in the not-too-distant future, these methods will
thrive, and the breast radiologist will not only offer percutaneous
biopsy procedures but also percutaneous local treatment of breast
cancer (Fig. 7).
CONCLUSION
The term breast cancer comprises an entire spectrum of dis-

eases. There is a constant change of concepts for and attitudes toward
breast cancer, and a constant flux of new ideas, of new treatment ap-
proaches, and of new insights into the molecular and biological behav-
ior of this disease. Clinical breast radiologists, and even more so
clinician scientists interested in breast imaging, need to keep abreast
with this rapidly changing world. Diagnostic or treatment approaches
that are considered useful today may be abandoned tomorrow. Ap-
proaches that seem irrelevant or far too extravagant today may prove
clinically useful and adequate next year. Radiologists must constantly
question what they do, and align their aims and objectives with the
changing needs of contemporary breast oncology.
REFERENCES

1. American College of Radiology (ACR). ACR BI-RADS—mammography; ul-
trasound; magnetic resonance imaging. In: ACR Breast Imaging Reporting and
Data System, Breast Imaging Atlas. 2nd ed. Reston, VA: American College of
Radiology; 2015.

2. Ikeda DM, Hylton NM, Kinkel K, et al. Development, standardization, and
testing of a lexicon for reporting contrast-enhanced breast magnetic resonance
imaging studies. J Magn Reson Imaging. 2001;13:889–895.
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
3. Kim SJ, Morris EA, Liberman L, et al. Observer variability and applicability of
BI-RADS terminology for breast MR imaging: invasive carcinomas as focal
masses. AJR Am J Roentgenol. 2001;177:551–557.

4. Lehman CD, Blume JD, Thickman D, et al. Added cancer yield of MRI in
screening the contralateral breast of women recently diagnosed with breast can-
cer: results from the International Breast Magnetic Resonance Consortium
(IBMC) trial. J Surg Oncol. 2005;92:9–15; discussion −6.

5. Schnall MD, Blume J, Bluemke DA, et al. MRI detection of distinct incidental
cancer in women with primary breast cancer studied in IBMC 6883. J Surg
Oncol. 2005;92:32–38.

6. Bluemke DA, Gatsonis CA, ChenMH, et al. Magnetic resonance imaging of the
breast prior to biopsy. JAMA. 2004;292:2735–2742.

7. Lame EL, Pendergrass EP. An addition to the technique of simple breast roent-
genography. Radiology. 1947;48:266–268.

8. DeLand FH. A modified technique of ultrasonography for the detection and dif-
ferential diagnosis of breast lesions. Am J Roentgenol Radium Ther Nucl Med.
1969;105:446–452.

9. Calderon C, Vilkomerson D, Mezrich R, et al. Differences in the attenuation of
ultrasound by normal, benign, and malignant breast tissue. J Clin Ultrasound.
1976;4:249–254.

10. Cole-Beuglet C, Beique RA. Continuous ultrasound B-scanning of palpable
breast masses. Radiology. 1975;117:123–128.

11. Youk JH, Gweon HM, Son EJ, et al. Diagnostic value of commercially available
shear-wave elastography for breast cancers: integration into BI-RADS classifica-
tion with subcategories of category 4. Eur Radiol. 2013;23:2695–2704.

12. Heywang SH, Hahn D, Schmidt H, et al. MR imaging of the breast using
gadolinium-DTPA. J Comput Assist Tomogr. 1986;10:199–204.

13. Kaiser WA, Zeitler E. MR imaging of the breast: fast imaging sequences with
and without Gd-DTPA. Preliminary observations. Radiology. 1989;170(3 pt 1):
681–686.

14. Harms SE, Flamig DP, Hesley KL, et al. MR imaging of the breast with rotating
delivery of excitation off resonance: clinical experience with pathologic correla-
tion. Radiology. 1993;187:493–501.

15. Fischer U, von Heyden D, Vosshenrich R, et al. Signal characteristics of malig-
nant and benign lesions in dynamic 2D-MRT of the breast [in German]. Rofo.
1993;158:287–292.

16. Kuhl CK, Kreft BP, Hauswirth A, et al. MR mammography at 0.5 Tesla. II. The
capacity to differentiate malignant and benign lesions in MR mammography at
0.5 and 1.5 T [in German]. Rofo. 1995;162:482–491.

17. Kuhl CK, Bieling HB, Lutterbey G, et al. Standardization and acceleration of
quantitative analysis of dynamic MR mammographies via parametric images
and automatized ROI definition [in German]. Rofo. 1996;164:475–482.

18. Kuhl CK, Schild HH. Dynamic image interpretation of MRI of the breast.
J Magn Reson Imaging. 2000;12:965–974.

19. Kuhl C. The current status of breast MR imaging. Part I. Choice of technique,
image interpretation, diagnostic accuracy, and transfer to clinical practice. Radi-
ology. 2007;244:356–378.

20. Harms SE, Flamig DP. Staging of breast cancer with MR imaging.Magn Reson
Imaging Clin N Am. 1994;2:573–584.

21. Kuhl CK, Schmutzler RK, Leutner CC, et al. Breast MR imaging screening
in 192 women proved or suspected to be carriers of a breast cancer suscepti-
bility gene: preliminary results. Radiology. 2000;215:267–279.

22. Pisano ED, Gatsonis C, Hendrick E, et al. Digital Mammographic Imaging
Screening Trial (DMIST) Investigators Group. Diagnostic performance of digital
versus filmmammography for breast-cancer screening.NEngl JMed. 2005;353:
1773–1783.

23. Niklason LT, Christian BT, Niklason LE, et al. Digital tomosynthesis in breast
imaging. Radiology. 1997;205:399–406.

24. Bernardi D, Ciatto S, Pellegrini M, et al. Prospective study of breast
tomosynthesis as a triage to assessment in screening. Breast Cancer Res Treat.
2012;133:267–271.

25. Ciatto S, Houssami N, Bernardi D, et al. Integration of 3D digital mammography
with tomosynthesis for population breast-cancer screening (STORM): a prospec-
tive comparison study. Lancet Oncol. 2013;14:583–589.

26. Rose SL, Tidwell AL, Bujnoch LJ, et al. Implementation of breast tomosynthesis
in a routine screening practice: an observational study. AJR Am J Roentgenol.
2013;200:1401–1408.

27. Skaane P, Bandos AI, Gullien R, et al. Comparison of digital mammography
alone and digital mammography plus tomosynthesis in a population-based
screening program. Radiology. 2013;267:47–56.

28. Skaane P, Bandos AI, Eben EB, et al. Two-view digital breast tomosynthesis
screening with synthetically reconstructed projection images: comparison
with digital breast tomosynthesis with full-field digital mammographic images.
Radiology. 2014;271:655–663.
www.investigativeradiology.com 625

www.investigativeradiology.com


Kuhl Investigative Radiology • Volume 50, Number 9, September 2015
29. Friedewald SM, Rafferty EA, Rose SL, et al. Breast cancer screening using
tomosynthesis in combination with digital mammography. JAMA. 2014;311:
2499–2507.

30. Svahn TM, Houssami N, Sechopoulos I, et al. Reviewof radiation dose estimates
in digital breast tomosynthesis relative to those in two-view full-field digital
mammography. Breast. 2015;24:93–99.

31. Gur D, Zuley ML, Anello MI, et al. Dose reduction in digital breast
tomosynthesis (DBT) screening using synthetically reconstructed projection im-
ages: an observer performance study. Acad Radiol. 2012;19:166–171.

32. Lawaczeck R, Diekmann F, Diekmann S, et al. New contrast media designed for
x-ray energy subtraction imaging in digital mammography. Invest Radiol. 2003;
38:602–608.

33. Diekmann F, Diekmann S, Jeunehomme F, et al. Digital mammography using
iodine-based contrast media: initial clinical experience with dynamic contrast
medium enhancement. Invest Radiol. 2005;40:397–404.

34. Luczyńska E, Heinze-Paluchowska S, Dyczek S, et al. Contrast-enhanced spec-
tral mammography: comparison with conventional mammography and histopa-
thology in 152 women. Korean J Radiol. 2014;15:689–696.

35. Blum KS, Rubbert C, Mathys B, et al. Use of contrast-enhanced spectral mam-
mography for intramammary cancer staging: preliminary results. Acad Radiol.
2014;21:1363–1369.

36. Fallenberg EM, Dromain C, Diekmann F, et al. Contrast-enhanced spectral mam-
mography: Does mammography provide additional clinical benefits or can some
radiation exposure be avoided? Breast Cancer Res Treat. 2014;146:371–381.

37. Cheung YC, Lin YC, Wan YL, et al. Diagnostic performance of dual-energy
contrast-enhanced subtracted mammography in dense breasts compared tomam-
mography alone: interobserver blind-reading analysis. Eur Radiol. 2014;24:
2394–2403.

38. Jeukens CR, Lalji UC, Meijer E, et al. Radiation exposure of contrast-enhanced
spectral mammography compared with full-field digital mammography. Invest
Radiol. 2014;49:659–665.

39. Gruber S, Pinker K, Zaric O, et al. Dynamic contrast-enhanced magnetic reso-
nance imaging of breast tumors at 3 and 7 T: a comparison. Invest Radiol.
2014;49:354–362.

40. Pinker K, Bogner W, Baltzer P, et al. Improved diagnostic accuracy with
multiparametric magnetic resonance imaging of the breast using dynamic
contrast-enhanced magnetic resonance imaging, diffusion-weighted imaging,
and 3-dimensional proton magnetic resonance spectroscopic imaging. Invest
Radiol. 2014;49:421–430.

41. Korteweg MA, Veldhuis WB, Visser F, et al. Feasibility of 7 Tesla breast
magnetic resonance imaging determination of intrinsic sensitivity and high-
resolution magnetic resonance imaging, diffusion-weighted imaging, and (1)H-
magnetic resonance spectroscopy of breast cancer patients receiving neoadjuvant
therapy. Invest Radiol. 2011;46:370–376.

42. Kuhl CK, Schrading S, Strobel K, et al. Abbreviated breast magnetic resonance
imaging (MRI): first postcontrast subtracted images and maximum-intensity
projection-a novel approach to breast cancer screening with MRI. J Clin Oncol.
2014;32:2304–2310.

43. Bertos NR, ParkM. Breast cancer—one term, many entities? J Clin Invest. 2011;
121:3789–3796.

44. Brenton JD, Carey LA, AhmedAA, et al. Molecular classification andmolecular
forecasting of breast cancer: ready for clinical application? J Clin Oncol. 2005;
23:7350–7360.

45. Bae MS, Park SY, Song SE, et al. Heterogeneity of triple-negative breast cancer:
mammographic, US, and MR imaging features according to androgen receptor
expression. Eur Radiol. 2015;25:419–427.

46. Norum JH, Andersen K, Sorlie T. Lessons learned from the intrinsic subtypes of
breast cancer in the quest for precision therapy. Br J Surg. 2014;101:925–938.

47. Tran B, Bedard PL. Luminal-B breast cancer and novel therapeutic targets.
Breast Cancer Res. 2011;13:221.

48. O'Shaughnessy J, Schwartzberg L, Danso MA, et al. Phase III study of iniparib
plus gemcitabine and carboplatin versus gemcitabine and carboplatin in patients
with metastatic triple-negative breast cancer. J Clin Oncol. 2014;32:3840–3847.

49. Schrading S, Kuhl CK.Mammographic, US, andMR imaging phenotypes of fa-
milial breast cancer. Radiology. 2008;246:58–70.

50. Mori N, Ota H, Mugikura S, et al. Luminal-type breast cancer: correlation of
apparent diffusion coefficients with the Ki-67 labeling index. Radiology. 2015;
274:66–73.

51. De Felice C, Cipolla V, Guerrieri D, et al. Apparent diffusion coefficient on 3.0
Tesla magnetic resonance imaging and prognostic factors in breast cancer.
Eur J Gynaecol Oncol. 2014;35:408–414.

52. Eyal E, Shapiro-Feinberg M, Furman-Haran E, et al. Parametric diffusion tensor
imaging of the breast. Invest Radiol. 2012;47:284–291.
626 www.investigativeradiology.com
53. Joe BN, ChenVY, Salibi N, et al. Evaluation of 1H-magnetic resonance spectros-
copy of breast cancer pre- and postgadolinium administration. Invest Radiol.
2005;40:405–411.

54. Kim JY, Kim SH, Kim YJ, et al. Enhancement parameters on dynamic contrast
enhanced breast MRI: do they correlate with prognostic factors and subtypes of
breast cancers?Magn Reson Imaging. 2015;33:72–80.

55. Koo HR, Cho N, Song IC, et al. Correlation of perfusion parameters on dynamic
contrast-enhanced MRI with prognostic factors and subtypes of breast cancers.
J Magn Reson Imaging. 2012;36:145–151.

56. Kuzucan A, Chen JH, Bahri S, et al. Diagnostic performance of magnetic reso-
nance imaging for assessing tumor response in patients with HER2-negative
breast cancer receiving neoadjuvant chemotherapy is associated with molecular
biomarker profile. Clin Breast Cancer. 2012;12:110–118.

57. Liu M, Guo X, Wang S, et al. BOLD-MRI of breast invasive ductal carcinoma:
correlation of R2* value and the expression of HIF-1alpha. Eur Radiol. 2013;23:
3221–3227.

58. Jagannathan NR, Kumar M, Seenu V. Evaluation of total choline from in-vivo
volume localized proton MR spectroscopy and its response to neoadjuvant che-
motherapy in locally advanced breast cancer. Br J Cancer. 2001;84:1016–1022.

59. Bartella L,Morris EA, DershawDD, et al. ProtonMR spectroscopy with choline
peak as malignancy marker improves positive predictive value for breast cancer
diagnosis: preliminary study. Radiology. 2006;239:686–692.

60. Tozaki M, Oyama Y, Fukuma E. Preliminary study of early response to neoadju-
vant chemotherapy after the first cycle in breast cancer: comparison of 1H mag-
netic resonance spectroscopy with diffusion magnetic resonance imaging. Jpn J
Radiol. 2010;28:101–109.

61. Danishad KK, Sharma U, Sah RG, et al. Assessment of therapeutic response of
locally advanced breast cancer (LABC) patients undergoing neoadjuvant chemo-
therapy (NACT) monitored using sequential magnetic resonance spectroscopic
imaging (MRSI). NMR Biomed. 2010;23:233–241.

62. Kuhl CK, Mielcareck P, Klaschik S, et al. Dynamic breast MR imaging: are sig-
nal intensity time course data useful for differential diagnosis of enhancing le-
sions? Radiology. 1999;211:101–110.

63. Kuhl CK, Klaschik S, Mielcarek P, et al. Do T2-weighted pulse sequences help
with the differential diagnosis of enhancing lesions in dynamic breast MRI?
J Magn Reson Imaging. 1999;9:187–196.

64. Bogner W, Pinker K, Zaric O, et al. Bilateral diffusion-weighted MR imaging of
breast tumors with submillimeter resolution using readout-segmented echo-
planar imaging at 7 T. Radiology. 2015;274:74–84.

65. Kuhl CK. MRI of breast tumors. Eur Radiol. 2000;10:46–58.

66. Strobel K, Schrading S, Hansen NL, et al. Assessment of BI-RADS category 4
lesions detected with screening mammography and screening US: utility of
MR imaging. Radiology. 2015;274:343–351.

67. Gilles R, Guinebretière JM, Toussaint C, et al. Locally advanced breast cancer:
contrast-enhanced subtraction MR imaging of response to preoperative chemo-
therapy. Radiology. 1994;191:633–638.

68. Schrading S, Kuhl C. Influence of taxanes (docetaxel, paclitaxel) on response as-
sessment in DCE MRI. Radiology. 2015. In Press.

69. Paci E, BroedersM,Hofvind S, et al.EUROSCREENWorkingGroup. European
breast cancer service screening outcomes: a first balance sheet of the benefits
and harms. Cancer Epidemiol Biomarkers Prev. 2014;23:1159–1163.

70. Etzioni R, Xia J, Hubbard R, et al. A reality check for overdiagnosis estimates
associated with breast cancer screening. J Natl Cancer Inst. 2014;106.

71. Puliti D, Duffy SW, Miccinesi G, et al.EUROSCREEN Working Group. Over-
diagnosis in mammographic screening for breast cancer in Europe: a litera-
ture review. J Med Screen. 2012;19(suppl 1):42–56.

72. Shwartz M. Estimates of lead time and length bias in a breast cancer screening
program. Cancer. 1980;46:844–851.

73. Habbema JD, van Oortmarssen GJ, van Putten DJ. An analysis of survival differ-
ences between clinically and screen-detected cancer patients. Stat Med. 1983;2:
279–285.

74. Gordon PB, Goldenberg SL. Malignant breast masses detected only by ultra-
sound. A retrospective review. Cancer. 1995;76:626–630.

75. Buchberger W, Niehoff A, Obrist P, et al. Clinically and mammographically oc-
cult breast lesions: detection and classification with high-resolution sonography.
Semin Ultrasound CT MR. 2000;21:325–336.

76. Kaplan SS. Clinical utility of bilateral whole-breast US in the evaluation of
women with dense breast tissue. Radiology. 2001;221:641–649.

77. Kolb TM, Lichy J, Newhouse JH. Comparison of the performance of screening
mammography, physical examination, and breast US and evaluation of factors
that influence them: an analysis of 27,825 patient evaluations. Radiology.
2002;225:165–175.
© 2015 Wolters Kluwer Health, Inc. All rights reserved.

www.investigativeradiology.com


Investigative Radiology • Volume 50, Number 9, September 2015 The Changing World of Breast Cancer
78. Crystal P, Strano SD, Shcharynski S, et al. Using sonography to screen women
with mammographically dense breasts. AJR Am J Roentgenol. 2003;181:
177–182.

79. Berg WA, Blume JD, Cormack JB, et al. ACRIN 6666 Investigators. Combined
screening with ultrasound and mammography vs mammography alone in
women at elevated risk of breast cancer. JAMA. 2008;299:2151–2163.

80. Kuhl CK, Schrading S, Bieling HB, et al. MRI for diagnosis of pure ductal
carcinoma in situ: a prospective observational study. Lancet. 2007;370:
485–492.

81. Morris EA, Liberman L, Ballon DJ, et al. MRI of occult breast carcinoma in
a high-risk population. AJR Am J Roentgenol. 2003;181:619–626.

82. Kriege M, Brekelmans CT, Boetes C, et al. Magnetic Resonance Imaging
Screening Study Group. Efficacy of MRI and mammography for breast-cancer
screening in women with a familial or genetic predisposition. N Engl J Med.
2004;351:427–437.

83. Leach MO, Boggis CR, Dixon AK, et al. Screening with magnetic resonance
imaging and mammography of a UK population at high familial risk of breast
cancer: a prospective multicentre cohort study (MARIBS). Lancet. 2005;365:
1769–1778.

84. Warner E, Plewes DB, Hill KA, et al. Surveillance of BRCA1 and BRCA2
mutation carriers with magnetic resonance imaging, ultrasound, mammography,
and clinical breast examination. JAMA. 2004;292:1317–1325.

85. Kuhl CK, Schrading S, Leutner CC, et al. Mammography, breast ultrasound, and
magnetic resonance imaging for surveillance of women at high familial risk for
breast cancer. J Clin Oncol. 2005;23:8469–8476.

86. Kuhl CK. MR imaging for surveillance of women at high familial risk for breast
cancer. Magn Reson Imaging Clin N Am. 2006;14:391–402.

87. Kuhl C, Weigel S, Schrading S, et al. Prospective multicenter cohort study to re-
fine management recommendations for women at elevated familial risk of breast
cancer: the EVA trial. J Clin Oncol. 2010;28:1450–1457.

88. Sardanelli F, Podo F, Santoro F, et al. Multicenter surveillance of women at high
genetic breast cancer risk using mammography, ultrasonography, and contrast-
enhanced magnetic resonance imaging (the high breast cancer risk Italian 1
study): final results. Invest Radiol. 2011;46:94–105.

89. Riedl CC, Luft N, Bernhart C, et al. Triple-modality screening trial for familial
breast cancer underlines the importance of magnetic resonance imaging
and questions the role of mammography and ultrasound regardless of patient
mutation status, age, and breast density. J Clin Oncol. 2015:1128–1135.

90. Sung JS, Lee CH,Morris EA, et al. Screening breastMR imaging inwomenwith
a history of chest irradiation. Radiology. 2011;259:65–71.

91. Sung JS, Malak SF, Bajaj P, et al. Screening breast MR imaging in womenwith a
history of lobular carcinoma in situ. Radiology. 2011;261:414–420.

92. Port ER, Park A, Borgen PI, et al. Results of MRI screening for breast cancer in
high-risk patients with LCIS and atypical hyperplasia.Ann Surg Oncol. 2007;14:
1051–1057.

93. Berg WA, Zhang Z, Lehrer D, et al. ACRIN 6666 Investigators. Detection of
breast cancer with addition of annual screening ultrasound or a single screening
MRI to mammography in women with elevated breast cancer risk. JAMA. 2012;
307:1394–1404.

94. Kuhl CK.Why do purely intraductal cancers enhance on breastMR images? Ra-
diology. 2009;253:281–283.

95. Urban JA, Baker HW. Radical mastectomy in continuity with en bloc resection of
the internal mammary lymph-node chain; a new procedure for primary operable
cancer of the breast. Cancer. 1952;5:992–1008.

96. Parker JM, Russo PE, Oesterreicher DL. Investigation of cause of lymphedema
of the upper extremity after radical mastectomy. Radiology. 1952;59:538–545.

97. Fischer U, Kopka L, Grabbe E. Breast carcinoma: effect of preoperative contrast-
enhanced MR imaging on the therapeutic approach. Radiology. 1999;213:
881–888.

98. Drew PJ, Chatterjee S, Turnbull LW, et al. Dynamic contrast enhanced magnetic
resonance imaging of the breast is superior to triple assessment for the pre-
operative detection of multifocal breast cancer. Ann Surg Oncol. 1999;6:
599–603.

99. Tan JE, Orel SG, Schnall MD, et al. Role of magnetic resonance imaging and
magnetic resonance imaging guided surgery in the evaluation of patients with
early-stage breast cancer for breast conservation treatment. Am J Clin Oncol.
1999;22:414–418.

100. Liberman L,Morris EA, DershawDD, et al. MR imaging of the ipsilateral breast
in women with percutaneously proven breast cancer. AJR Am J Roentgenol.
2003;180:901–910.

101. Pediconi F, Miglio E, TelescaM, et al. Effect of preoperative breast magnetic res-
onance imaging on surgical decision making and cancer recurrence rates. Invest
Radiol. 2012;47:128–135.
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
102. BergWA, Gutierrez L, NessAiverMS, et al. Diagnostic accuracy of mammogra-
phy, clinical examination, US, and MR imaging in preoperative assessment of
breast cancer. Radiology. 2004;233:830–849.

103. Olivas-Maguregui S, Villaseñor-Navarro Y, Ferrari-Carballo T, et al. Importance
of the preoperative evaluation of multifocal and multicentric breast cancer with
magnetic resonance imaging in women with dense parenchyma. Rev Invest Clin.
2008;60:382–389.

104. Al-Hallaq HA, Mell LK, Bradley JA, et al. Magnetic resonance imaging iden-
tifies multifocal and multicentric disease in breast cancer patients who are eligi-
ble for partial breast irradiation. Cancer. 2008;113:2408–2414.

105. Braun M, Pölcher M, Schrading S, et al. Influence of preoperative MRI on the
surgical management of patients with operable breast cancer. Breast Cancer
Res Treat. 2008;111:179–187.

106. Grobmyer SR, Mortellaro VE, Marshall J, et al. Is there a role for routine use of
MRI in selection of patients for breast-conserving cancer therapy? J Am Coll
Surg. 2008;206:1045–1050.

107. Pengel KE, Loo CE, Teertstra HJ, et al. The impact of preoperative MRI on
breast-conserving surgery of invasive cancer: a comparative cohort study. Breast
Cancer Res Treat. 2009;116:161–169.

108. Crowe JP, Patrick RJ, Rim A. The importance of preoperative breast MRI for pa-
tients newly diagnosed with breast cancer. Breast J. 2009;15:52–60.

109. Obdeijn IM, Tilanus-Linthorst MM, Spronk S, et al. Preoperative breast MRI
can reduce the rate of tumor-positive resection margins and reoperations in pa-
tients undergoing breast-conserving surgery. AJR Am J Roentgenol. 2013;200:
304–310.

110. Nori J, Meattini I, Giannotti E, et al. Role of preoperative breast MRI in ductal
carcinoma in situ for prediction of the presence and assessment of the extent of
occult invasive component. Breast J. 2014;20:243–248.

111. Fancellu A, Soro D, Castiglia P, et al. Usefulness of magnetic resonance in pa-
tients with invasive cancer eligible for breast conservation: a comparative study.
Clin Breast Cancer. 2014;14:114–121.

112. Lehman CD, Gatsonis C, Kuhl CK, et al. ACRIN Trial 6667 Investigators
Group. MRI evaluation of the contralateral breast in women with recently di-
agnosed breast cancer. N Engl J Med. 2007;356:1295–1303.

113. Morrow M, Waters J, Morris E. MRI for breast cancer screening, diagnosis, and
treatment. Lancet. 2011;378:1804–1811.

114. Houssami N, Ciatto S, Macaskill P, et al. Accuracy and surgical impact of mag-
netic resonance imaging in breast cancer staging: systematic review and meta-
analysis in detection of multifocal and multicentric. J Clin Oncol. 2008;26:
3248–3258.

115. McCahill LE, Single RM, Aiello Bowles EJ, et al. Variability in reexcision fol-
lowing breast conserving surgery. JAMA. 2012;307:467–475.

116. Center of Evidence Based Medicine—Levels of Evidence. Available at: http://
www.cebm.net/?o=1025. Accessed March 9, 2015.

117. Peralta EA, Tucker FL. Preoperative magnetic resonance imaging and
large-format breast pathology: closing the loop. J Clin Oncol. 2014;32:
2817–2818.

118. Tendulkar RD, Chellman-Jeffers M, Rybicki LA, et al. Preoperative breast mag-
netic resonance imaging in early breast cancer: implications for partial breast ir-
radiation. Cancer. 2009;115:1621–1630.

119. Kühr M, Wolfgarten M, Stölzle M, et al. Potential impact of preoperative mag-
netic resonance imaging of the breast on patient selection for accelerated partial
breast irradiation. Int J Radiat Oncol Biol Phys. 2011;81:e541–e546.

120. Kowalchik KV, Vallow LA,McDonoughM, et al. Classification system for iden-
tifying women at risk for altered partial breast irradiation recommendations
after breast magnetic resonance imaging. Int J Radiat Oncol Biol Phys. 2013;
87:127–133.

121. Husarik DB, Steinert HC. Single-photon emission computed tomography/
computed tomography for sentinel node mapping in breast cancer. Semin Nucl
Med. 2007;37:29–33.

122. Giuliano AE, Hunt KK, Ballman KV, et al. Axillary dissection vs no axillary dis-
section in womenwith invasive breast cancer and sentinel nodemetastasis: a ran-
domized clinical trial. JAMA. 2011;305:569–575.

123. Suga K, Ogasawara N, Yuan Y, et al. Visualization of breast lymphatic path-
ways with an indirect computed tomography lymphography using a nonionic
monometric contrast medium iopamidol: preliminary results. Invest Radiol.
2003;38:73–84.

124. Schipper RJ, Smidt ML, van Roozendaal LM, et al. Noninvasive nodal staging in
patientswith breast cancer using gadofosveset-enhancedmagnetic resonance im-
aging: a feasibility study. Invest Radiol. 2013;48:134–139.

125. AhmedM, Purushotham AD, DouekM. Novel techniques for sentinel lymph
node biopsy in breast cancer: a systematic review. Lancet Oncol. 2014;15:
e351–e362.
www.investigativeradiology.com 627

www.investigativeradiology.com


Kuhl Investigative Radiology • Volume 50, Number 9, September 2015
126. Roberts JG, Preece PE, Bolton PM, et al. The 'Tru-cut' biopsy in breast cancer.
Clin Oncol. 1975;1:297–303.

127. Foster RS Jr. Core-cutting needle biopsy for the diagnosis of breast cancer.
Am J Surg. 1982;143:622–623.

128. Kopans DB. Review of stereotaxic large-core needle biopsy and surgical
biopsy results in nonpalpable breast lesions. Radiology. 1993;189:
665–666.

129. Meyer JE. Value of large-core biopsy of occult breast lesions. AJR Am J
Roentgenol. 1992;158:991–992.

130. Parker SH, Lovin JD, Jobe WE, et al. Stereotactic breast biopsy with a biopsy
gun. Radiology. 1990;176:741–747.

131. Harter LP, Curtis JS, Ponto G, et al. Malignant seeding of the needle
track during stereotaxic core needle breast biopsy. Radiology. 1992;185:
713–714.
628 www.investigativeradiology.com
132. Diebold T, Hahn T, Solbach C, et al. Evaluation of the stereotactic 8G vacuum-
assisted breast biopsy in the histologic evaluation of suspicious mammography
findings (BI-RADS IV). Invest Radiol. 2005;40:465–471.

133. Liberman L, Bracero N, Morris E, et al. MRI-guided 9-gauge vacuum-
assisted breast biopsy: initial clinical experience. AJR Am J Roentgenol.
2005;185:183–193.

134. Schrading S, DistelmaierM, Dirrichs T, et al. Digital breast tomosynthesis–guided
vacuum-assisted breast biopsy: initial experiences and comparison with
prone stereotactic vacuum-assisted biopsy. Radiology. 2015;274:654–662.

135. Schrading S, Simon B, Braun M, et al. MRI-guided breast biopsy: influence of
the choice of vacuum biopsy system on the mode of biopsy of MRI-only breast
lesions. AJR. 2010;194:1650–1657.

136. Schrading S, Strobel K, Dirrichs T, et al. MR-guided large-volume vacuum-
assisted biopsy. Radiology. 2015.
© 2015 Wolters Kluwer Health, Inc. All rights reserved.

www.investigativeradiology.com

