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Preface

The book you are about to read is important, not only because breast cancer 
remains a major health problem globally—in Europe and in the USA every 
year 576,000 and 264,000 women are diagnosed with breast cancer, respec-
tively—but also  as it contains the most up-to-date information on breast 
imaging, screening, diagnosis, intervention and therapy. Advances in screen-
ing, diagnosis and therapeutics happen at an accelerated pace. In order to 
keep up we need to have an open mind, and a nimble ability to adapt rapidly, 
a skill that is fortunately innate to radiologists.

Through the imaging options available for women these days, not just 
mammography but also digital breast tomosynthesis, ultrasound, and breast 
MRI, the radiologist could improve the rate of successful treatments within 
cancer patients significantly, with an outcome not just for the lives of women 
but also for their families and society in general.

By focusing on personal screening as an additional testing to the mam-
mogram, we radiologists strive to lower the risk of each woman with breast 
cancer. Radiology sets new measures in this field, introducing quality stan-
dards, reporting standards and now the implementation of artificial intelli-
gence into the workflow and interpretations of mammograms. We no longer 
remain hidden behind our results; we have become the face of the breast care 
expert, doing biopsy procedures, discussing results and managing options 
with and for our patients.

And we love being so close to our patients, being engaged in the whole 
diagnostic and therapeutic journey from detection at screening through diag-
nostic imaging, image-guided biopsy, staging, minimally invasive treatment, 
treatment monitoring and follow-up.

We are the gatekeepers in medicine who help start the process getting our 
patients to be good or at least better in the end. As a multi-discipline matter 
we spend a large amount of time talking and consulting with colleagues from 
Surgery, Gynaecology, Oncology, Pathology as well as Family Medicine, to 
take care of patients in the best possible way.

All of this makes Breast Imaging the probably most exciting subspecialty 
and brings us even closer to our patients, involving us into the whole diagnos-
tic and therapeutic journey. We are not just doctors, we are also advisers, 
carers and guides through a sometimes-difficult pathway which challenges us 
to find the best outcome for each woman.

By reading this book you will come to an even better understanding of the 
multiple roles of the breast imager and the numerous aspects of breast imag-
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ing from screening to minimally invasive therapy, including AI.  Almost 
everything you need to know on breast imaging and breast intervention can 
be found in this book. All imaging techniques are brilliantly described from 
intermediate to expert knowledge. Furthermore, there is a focus on breast 
interventions with all guidance methods as well as image-guided minimally 
invasive therapy, a step into the future. Burning topics like breast density, the 
practical value of artificial intelligence or the most challenging histopatholo-
gies with high-risk lesions and DCIS are given special attention.

The highest standard, our maximum effort, the closest working together, 
the best findings, all come together for the one purpose we all serve, the well-
being of the women who come to us for help. They are our focus and they are 
the reason this book is in your hands, to improve the rate of successful out-
come within our breast cancer patients.

Graz, Austria Michael Fuchsjäger
Sacramento, CA, USA Elizabeth Morris
Vienna, Austria Thomas Helbich

Preface
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Abstract

The introduction of mammography as a radio-
graphic imaging modality optimized for breast 
imaging revolutionized breast cancer care. 
Throughout the decades, conventional, screen- 
film- based mammography has given way to 
digital mammography, resulting in many ben-
efits, including a streamlined workflow and 
improved performance in certain subgroups of 
patients. More importantly, the introduction of 
digital technology in mammographic imaging 
resulted in the development of even more 
advanced technologies, such as digital breast 
tomosynthesis. Tomosynthesis, with its ability 
to result in pseudo-tomographic imaging of 
the breast with a system that has the same 
footprint and workflow as mammography, has 
had an important impact in the breast imaging 
clinic.

In this chapter, the basic concepts of X-ray- 
based breast imaging, common for both mam-
mography and tomosynthesis, are reviewed. 
The major components of these imaging sys-
tems are described, and the resulting and 
potential clinical and screening performance 
of these modalities is discussed. Finally, con-
sidering their widespread use in asymptomatic 
women during screening, the dosimetry 
aspects of X-ray-based breast imaging are 
explained.

1  Introduction

Even after years of research and development of 
more advanced imaging techniques, some of 
them involving acquisition of functional, multi-
parametric, and/or dynamic data, mammography 
is still the most common modality used for breast 
cancer imaging. Its relatively high performance, 
ease of use, affordability, few requirements for 
installation, and speed of acquisition and inter-
pretation have made it, and its newly developed 
offspring, digital breast tomosynthesis, the main 
workhorse of breast imaging.

Mammography is based on the principles of 
standard radiography, but modified and opti-

mized to image the breast. Due to specific clini-
cal and physical requirements, breast imaging, 
especially for detection of features that suggest 
the presence of cancer, necessitated the develop-
ment of a separate system. The end result is a 
device that can acquire an image of the breast in 
a couple of seconds, with the ability to depict 
both very fine calcifications and very subtle 
masses and spiculations at the same time. These 
different suspicious features, which can be the 
result of malignancy, require very different imag-
ing capabilities, a problem that has been solved 
by the optimization of a radiography system for 
this specific clinical application.

Due to its benefits, mammography is not only 
used in clinics and hospitals for diagnosis of 
breast disease in (mostly) women presenting with 
symptoms, but more importantly, for screening 
for breast cancer in asymptomatic women. 
Mammographic screening for breast cancer has 
become common practice throughout the indus-
trialized world, with some countries even imple-
menting population-based screening programs. 
As part of these programs, all women of a certain 
age group are invited to undergo mammographic 
imaging for detection of suspicious findings that 
may indicate the presence of breast cancer. This 
widespread use of mammography can only be 
performed due to its aforementioned advantages, 
such as noninvasiveness, affordability, ease and 
speed of use, and high detection performance.

In this chapter, the basics of mammography 
and digital breast tomosynthesis, their capabili-
ties and limitations, clinical use, and other char-
acteristics, such as radiation dose, are discussed.

2  Basics of X-Ray-Based Breast 
Imaging

Mammography is an X-ray-based transmission 
imaging technique. This means that the mammo-
graphic image is formed by transmitting a field of 
X-rays through the breast and detecting the 
X-rays that exit it. The resulting mammogram 
shows the differences in how the different breast 
tissues attenuate the X-rays traveling through 
them (Fig. 1). At the macroscopic scale, in terms 
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Fig. 1 Diagram of the acquisition of a mammogram. An 
incident X-ray field, as uniform as possible, is emitted 
towards the breast. The tissue attenuates the field, with 
each type of tissue attenuating the field differently. The 
differences in the intensity of the X-ray field that exit the 
other side of the breast reflect the differences in attenua-
tion of the tissues contained inside the breast. The detector 
captures the X-rays and the resulting image is related to 
the amount of X-ray energy arriving at the detector. In this 
diagram, the length of the arrows representing the X-rays 
corresponds to the number of X-rays at each location

of absorption of X-rays, the breast can be 
assumed to be composed of largely three differ-
ent tissues: skin, adipose, and fibroglandular tis-
sue. Adipose tissue attenuates X-rays less than 
fibroglandular tissue (Hammerstein et al. 1979). 
Therefore, a dense area of the breast, composed 
mainly of fibroglandular tissue, appears brighter 
in a mammogram than a more fatty area.1 
Meanwhile, malignant tissue attenuates X-rays at 
a very similar rate to that of fibroglandular tissue 
(Hammerstein et al. 1979; Johns and Yaffe 1987). 
This means that a malignant lesion can appear 
with the same brightness in a mammogram as 
normal fibroglandular tissue. Therefore, detec-
tion of lesions depends on their irregular shape 
being visible against an adipose background. If a 

1 Dense areas appear brighter in the already processed “for 
presentation” mammogram. In the original raw “for pro-
cessing” mammogram, dense areas appear darker. The 
image is inverted during the image processing that every 
digital mammogram undergoes.

lesion is completely surrounded or superimposed 
by fibroglandular tissue, then it might not be vis-
ible. This is why the sensitivity of mammography 
is substantially reduced with increasing breast 
density (Wanders et al. 2017).

2.1  Breast Lesions

The main types of suspicious features that mam-
mography aims to depict in the detection and 
diagnosis of breast cancer are the following:

• Masses: In general, dense areas, usually with 
low contrast, of round, oval, or irregular shape, 
well-defined or ill-defined margins which 
could include spiculations (thin, low contrast, 
fiber-like structures) radiating outwards. 
Irregular shape, ill-defined margins, presence 
of spiculations, and other features are markers 
of malignancy.

• Architectural distortions: Distortions in the 
normal parenchymal pattern of the breast, 
with no associated visible mass. These include 
radiating spiculations, which are fine fiber- 
like tissues of low contrast.

• Microcalcifications: Specks (usually high 
contrast) that could be as small as 100 μm in 
size, usually grouped in clusters. Their size 
and shape, and more importantly the shape 
and distribution of the cluster, are determi-
nants of the probability of malignancy 
present.

• Asymmetries: Fibroglandular tissue patterns 
tend to be symmetric between the left and 
right breasts. Deviations from this, i.e., pres-
ence of asymmetry, can be markers of malig-
nant development.

Although other signs of pathologic processes 
exist, these are the main features of breast cancer 
in mammograms, and, importantly, the ones that 
define the capabilities that a mammography sys-
tem must possess. As can be seen, soft-tissue 
lesions (masses and architectural distortions, 
especially) require high contrast, while depiction 
of calcifications requires very high spatial resolu-
tion. Mammography systems are optimized to 

Mammography and Digital Breast Tomosynthesis: Technique



4

deliver these two demanding capabilities in the 
same image, a challenging feat.

2.2  Digital Mammography

Until the turn of the century, mammography was 
performed using screen-film. However, the devel-
opment of digital detectors allowed for the intro-
duction of digital mammography. The benefits of 
digital over screen-film mammography are 
numerous, the most important being the 
following:

• Linear response with high dynamic range: 
Digital detectors cannot be under- or overex-
posed (until saturated), in terms of resulting 
contrast. Whereas films had a narrow expo-
sure range in which an image had adequate 
contrast, changes in the overall exposure in 
digital mammography will only affect the 
level of noise, but not the contrast between tis-
sues. This reduces the number of retakes.

• Lower dose: Especially in more recent genera-
tion of digital mammography, the dose 
required per acquisition has been substantially 
reduced (Hendrick et  al. 2010; Bouwman 
et al. 2015).

• Easy transmission and archiving: Of course, a 
digital signal is much easier to transmit and 
archive than a film.

• Improved workflow: Images can be checked 
immediately after acquisition at the acquisi-
tion workstation, resulting in a faster check of 
the need for a retake.

• Production of a digital image: This might be 
the most important advantage, since it allows 
for easy post-processing of the image to opti-
mize its display, and, perhaps even more 
importantly, for more advanced imaging 
methods, such as contrast-enhanced spectral 
mammography and digital breast 
tomosynthesis.

Of course, screen-film mammography is 
cheaper and was the established technology, so 
there was a significant cost in upgrading to digital 
mammography. Finally, the spatial resolution of 

screen-film mammography is superior to that of 
digital mammography.

Even though the DMIST trial showed only a 
detection performance improvement with digital 
mammography over screen-film for specific sub-
groups of the general population it did not show 
an overall detection performance improvement 
with digital mammography over screen-film 
(Pisano et al. 2005). However, the other benefits 
of digital mammography beyond clinical perfor-
mance, as listed above, have resulted in screen- 
film mammography being completely phased out 
in the developed world.

2.3  Digital Breast Tomosynthesis

Digital mammography, however, is not without 
limitations. Chief among them is its 2D nature, 
which results in the need to represent the 3D 
breast tissue distribution information onto a sin-
gle 2D plane. This results in tissue superposition, 
where two features of the breast that are actually 
separated in the vertical direction coincide in the 
mammographic image. If one of these features is 
a malignant lesion, it could be rendered undetect-
able due to it being superimposed by the other, 
resulting in a loss of sensitivity. In addition, if 
both of these tissues are normal, they could proj-
ect in such a way that they appear to be some-
thing suspicious, resulting in a loss of specificity. 
Therefore, the ability to represent the breast in its 
true 3D form, or at least in a form that approxi-
mates it, held great promise in improving clinical 
performance.

With the introduction of digital detectors for 
breast imaging, Niklason et al. introduced in 1997 
the first practical study on digital breast tomosyn-
thesis (Niklason et  al. 1997). One of the major 
advantages of digital breast tomosynthesis, also 
called limited-angle tomography, is its similarity 
to mammography. As can be seen in Fig. 2, in its 
simplest implementation, breast tomosynthesis 
involves the acquisition of several mammography- 
like images, projections, while the X-ray source 
rotates around the compressed breast. By acquir-
ing a number of such projections over a certain 
angular range, enough information about the 
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Fig. 2 Diagram of the acquisition of a digital breast 
tomosynthesis image. The breast is positioned in the same 
manner as for mammography. The X-ray source rotates 
over a limited angle around the breast, acquiring several 
low-dose mammography-like images at each preset acqui-
sition angle. Depending on the vertical location of the fea-
tures inside the breast, these shift differently in their 
location in each projection. This provides enough infor-
mation to the reconstruction algorithm to generate a 
pseudo-3D image of the breast volume

Fig. 3 Simulated digital breast tomosynthesis images of 
a circular disk of various sizes for two different total angu-
lar ranges, shown from the side. The size of the disk 
affects over how many slices, beyond the ones it actually 
occupies, the signal can still be seen. As can be seen, 
therefore, being a pseudo-3D modality, the effective verti-
cal resolution in DBT is size and contrast dependent. 
(Image courtesy of Dr. John Boone, from Nosratieh et al., 
“Comprehensive assessment of the slice sensitivity pro-
files in breast tomosynthesis and breast CT,” Medical 
Physics. 39(12), 7254–7261 (2012). © American 
Association of Physicists in Medicine)

relative position of the different tissues in the 
breast is obtained that a pseudo-3D image of the 
breast can be reconstructed.

As a result of the reconstruction process, the 
imaged breast is represented as a stack of slices 
parallel to the detector entrance (and therefore to 
the breast support table). It is important to note 
that tomosynthesis is not a true 3D modality, 
given that the limited angle covered during pro-
jection acquisition does not allow for a full recov-
ery of the vertical (direction perpendicular to the 
detector surface) distribution of tissue. Rather, 
the tissues that are actually located above and 
below the currently viewed tomosynthesis slice 
are preferentially blurred out from the image, but 
not necessarily completely removed.

The visibility of these out-of-plane structures 
depends on their contrast and on the angular 
range of the acquisition (Sechopoulos and Ghetti 
2009). A large or very bright signal, e.g., a large 
calcification, might be visible in many or all 
tomosynthesis slices, while a small or faint mass 
might be well constrained to only appearing in a 
few slices, even if beyond the ones that it actually 
occupies (Fig. 3). Therefore, strictly speaking the 
reconstructed tomosynthesis slices do not have a 

specific thickness, since what is depicted in them 
depends on the nature of the signal. As done by 
Niklason et al. in their original paper, most tomo-
synthesis systems today still reconstruct one slice 
every 1 mm in the vertical direction. This does 
not mean that the slices are 1 mm thick, but rather 
that they are separated by 1 mm.

Even though tomosynthesis results in a lim-
ited vertical spatial resolution, its ability to par-
tially suppress the effect of tissue superposition is 
enough to have an important impact on the sensi-
tivity and specificity for breast cancer detection, 
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compared to standard digital mammography, as 
will be discussed in Sects. 5 and 6.

After the advent of tomosynthesis, which was 
at first introduced in the clinic as an adjunct to 
mammography, the vendors introduced the con-
cept of the synthetic mammogram. The intent of 
this image was to generate a mammogram-like 
2D image from the tomosynthesis data that would 
replace and avoid the acquisition of a real mam-
mogram. For this, computer algorithms were 
developed that would summarize the information 
in the reconstructed tomosynthesis stack of slices 
into one 2D image, with the aim of replicating, as 
closely as possible, what a mammogram of that 
same breast would look like (Gur et  al. 2012). 
Although initial attempts of generating these syn-
thetic mammograms resulted in a loss of perfor-
mance compared to the use of real digital 
mammograms, even when used together with the 
tomosynthesis stacks, subsequent generations of 
synthetic mammograms have been shown to 
result in equivalent performance as digital mam-
mograms, again, when in combination with the 
tomosynthesis stacks (Gur et  al. 2012; Skaane 
et al. 2014).

Synthetic mammogram-generating algorithms 
have continued to evolve, including even intro-
ducing a rotating synthetic for easier visibility of 
feature depth (Tani et  al. 2014). However, 
although it is still not recommended to be used 
without the corresponding tomosynthesis stack 
for detection, early comparisons of the perfor-
mance of synthetic mammograms compared to 
digital mammography and tomosynthesis stack 
have been performed, yielding disparate results 
(Murphy et  al. 2018; Rodriguez-Ruiz et  al. 
2018c). In addition, currently it is thought that 
the synthetic mammogram should not attempt to 
replicate a mammogram as closely as possible, 
but rather should attempt to summarize the inter-
esting features found in the tomosynthesis stack 
onto one 2D image. This is an important change 
in the thinking behind the synthetic mammo-
gram. Given the original intent of the synthetic 
mammogram, its generation involved the attempt-
ing to replicate the projection of the 3D tissue 
information onto one plane. The newer role of the 
synthetic requires the analysis of the 3D image 

content from a diagnostic point of view, similar 
to that of a computer-aided detection or diagnosis 
algorithm.

2.4  Mammographic Views

For both mammographic and breast tomosynthe-
sis acquisitions the breast is positioned, and com-
pressed, in specific orientations. There are a 
number of possible views, some for imaging the 
whole breast (or as much tissue as possible), 
while others, such as spot or magnification views, 
involve special equipment and are aimed at imag-
ing only a specific portion of the breast. In the 
former set are included the two most common 
views, which are the ones used for screening: the 
craniocaudal (CC) and the mediolateral oblique 
(MLO) views.

The CC view is acquired with the breast com-
pression paddle and the breast support table hori-
zontal (parallel to the floor), with the breast laid 
on the latter. For compression, the breast is com-
pressed downward by the paddle until the appro-
priate level of compression is achieved. The 
MLO view involves rotating the mammography 
gantry to approximately 45°, positioning the sup-
port table on the lateral side of the patient, below 
the axilla, and compressing from the medial side. 
In the MLO view the pectoralis muscle should be 
included in the field of view. There are various 
guidelines that determine what is an appropriate 
positioning for these and the other mammo-
graphic views (e.g., Kopans 2007; European 
Commission 2006).

3  Imaging Systems

To acquire mammography (and digital breast 
tomosynthesis) images, mammography systems 
are adaptations of radiography systems optimized 
for the requirements of breast imaging. The main 
components of a (digital) mammography/tomo-
synthesis system are the X-ray source, the com-
pression paddle, the breast support table, the 
anti-scatter grid, and the (digital) detector 
(Fig.  4). Of course, there are many other 
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Fig. 4 Diagram showing the main components of a (digi-
tal) mammography/tomosynthesis system: X-ray source, 
compression paddle, breast support table, anti-scatter 
grid, and (digital) detector

components that make the acquisition of an 
image possible, but these, in addition to the 
acquisition workstation, form the main compo-
nents of the image acquisition chain.

3.1  X-Ray Source

Although some alternative X-ray sources are 
being investigated, especially for digital breast 
tomosynthesis (Qian et  al. 2012), currently all 
mammography systems use a traditional X-ray 
tube as the source of X-rays. X-ray tubes do not 
emit X-rays of a single energy, but rather a spec-
trum of X-rays, which include a range of X-ray 
energies, with a varying number of X-rays at 
each energy. The energy range of these X-rays 
and the number of X-rays at each energy level are 
important determinants in the trade-off among 
the resulting image contrast, image noise, and 
dose to the breast.

To obtain the high contrast required for breast 
imaging, the mammographic X-ray tube uses 
lower tube voltages than those used in any other 
radiographic application. For mammography, 
voltages between 25 and 32 kV are the most com-
monly used, while for tomosynthesis higher volt-
ages, up to ~38  kV, may be used (Feng and 
Sechopoulos 2012). Using such low tube volt-

ages has the benefit of increasing tissue contrast, 
but results in the need for higher tube currents 
and/or exposure times; in mammography and 
tomosynthesis, exposures at anywhere between 
~60 and ~200 mAs are commonplace, while gen-
eral radiography values are typically below 
10 mAs.

In addition to using lower voltages, mammo-
graphic X-ray tubes have traditionally used 
anodes of materials other than tungsten, the com-
monly used material in radiographic X-ray tubes. 
Tubes with anodes made of molybdenum and 
rhodium were common. However, current state- 
of- the-art mammography systems mostly use 
tungsten-anode X-ray tubes.

To further optimize the shape of the X-ray 
spectrum used to acquire the images, additional 
filtration is added to mammographic X-ray tubes. 
These filters are intended to preferentially absorb 
X-rays of specific energy ranges, for different 
purposes. In the first place, one fundamental 
requirement is to remove the X-rays of very low 
energy from the beam. These X-rays, if allowed 
to reach the breast, would all be absorbed in the 
first few mm of tissue, increasing the dose to the 
breast without providing any additional informa-
tion to the resulting image. Depending on the 
X-ray tube anode, filtration is also used to absorb 
the higher energy X-rays emitted by the X-ray 
source. Allowing too many of these X-rays in the 
beam would, due to their high energy, reduce the 
contrast in the image. However, a balance needs 
to be achieved, since more X-rays being detected 
result in a lower image noise.

The motion of the X-ray source during digital 
breast tomosynthesis projection acquisition var-
ies across commercial systems. In most tomosyn-
thesis systems, the X-ray tube continues to rotate 
during acquisition of each projection. This 
decreases acquisition time and simplifies the 
motion mechanism, but introduces a loss of spa-
tial resolution (Zhou et al. 2007). Currently one 
tomosynthesis vendor uses a stop-and-shoot 
method, in which the X-ray tube stops completely 
at each projection acquisition position before 
performing the projection acquisition. This has 
the benefit of avoiding the loss of spatial resolu-
tion due to the effective increase in the size of the 
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focal spot, while needing to ensure that no overt 
vibration in the system due to the sudden stop in 
motion is present during acquisition.

3.2  Compression Paddle

During acquisition of a mammographic or breast 
tomosynthesis image, the breast is mechanically 
compressed against the breast support table by a 
compression paddle. Compression paddles are 
composed of different types of transparent plas-
tic, a few mm thick. They can be of different 
sizes, some being as large as the active detector 
area (usually 24 cm × 30 cm), while others are 
specific for diagnostic spot views, and therefore 
could be as small as 7.5 cm in diameter.

Compression paddles are designed to remain 
relatively horizontal and therefore parallel to 
the breast support, while some incorporate a 
flexible attachment to their holder, therefore 
tilting upwards towards the posterior of the 
breast as compression force is increased 
(Mawdsley et  al. 2009; Tyson et  al. 2009). 
Although this adjustment to the natural breast 
anatomy is proposed to result in decreased pain, 
in a study of 288 women undergoing screening 
no difference in perceived pain was detected, 
while the flexible paddle resulted in a reduction 
in the amount of fibroglandular tissue in the 
posterior section of the breast and a reduction 
in contrast (Broeders et al. 2015).

Other innovations aiming at reducing discom-
fort or pain and/or increasing tissue coverage 
have been introduced by several manufacturers, 
such as curved compression paddles, breast cush-
ioning pads, and positioning sheets. In general, 
there have been few independent studies on the 
effectiveness of these devices in reducing dis-
comfort or improving image quality, and the 
studies that have been performed report equivo-
cal results (Timmers et  al. 2015; Markle et  al. 
2004). Another option aimed at reducing patient 
discomfort is giving the women the option of per-
forming the breast compression themselves 
(Kornguth et  al. 1993; Balleyguier et  al. 2018). 
This alternative has yielded very promising 
results, with no loss of image quality and with the 

women expressing a willingness to repeat the 
experience. The more recent study included a 
quantitative comparison on compression level, 
breast thickness, and average glandular dose 
between technologist compression and self- 
compression (Balleyguier et  al. 2018). Perhaps 
surprisingly, the women applied a higher final 
compression force to themselves than that used 
by the technologist, resulting in statistically, 
though probably not clinically, significant reduc-
tions in compressed breast thickness and dose 
(Balleyguier et al. 2018).

3.3  Anti-scatter Grid

The most important component to the imaging 
chain in the breast support table, aside from the 
detector itself, is the anti-scatter grid. The inclu-
sion of the signal from scattered X-rays in the 
image results in a reduction of contrast. To reduce 
this effect, a grid is located between the breast 
support and the detector entrance surface that 
preferentially absorbs scattered X-rays while 
transmitting through non-scattered (also called 
primary) X-rays. To accomplish this, anti-scatter 
grids consist of a series of very fine walls, called 
septa, closely spaced, that are either parallel to 
each other or focused so that they are parallel to 
the expected incident primary X-rays. Since scat-
tered X-rays tend to travel at other, larger, angles, 
these are more probable to encounter one of these 
septa. Since the septa are composed of highly 
attenuating material, these X-rays are absorbed, 
while the primary X-rays that traverse the grid 
parallel to the septa continue straight through 
(Fig. 5).

Of course, since the septa has some thickness 
to them, they are not perfect in transmitting all 
primary X-rays. Therefore, in a high-spatial- 
resolution application like mammography, the 
shadows of the septa would be visible if this is 
not accounted for. To avoid this, the anti-scatter 
grid is moved during acquisition of the mammo-
gram, so as to blur out the shadow of the septa. 
This, unfortunately, results in an added complex-
ity to the system, since a motion system needs to 
be added within the detector housing to perform 
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Fig. 5 Diagram showing how an anti-scatter grid works. 
X-rays that are incident on the breast may travel straight 
through (leftmost X-ray), be absorbed in the breast (center 
X-ray), or scatter in the breast (rightmost X-ray). The 
X-rays that do not undergo any interaction with the breast 
tissue travel through the anti-scatter grid parallel to the 
septa, so most of them are transmitted through. The 
X-rays that undergo a scattering event change direction, 
and are therefore more likely to be absorbed by the septa 
of the grid

this movement. In general, inadequate motion of 
the anti-scatter grid is the main source of artifacts 
when any grid-related problem arises in the 
images.

Two types of anti-scatter grid are common in 
mammography systems: linear and cellular. 
Linear grids have septa in one direction, and 
therefore need to be separated, for structural rea-
sons, with a solid material, which is commonly 
carbon fiber. Cellular grids are composed of septa 
in both perpendicular directions, so they result in 
improved scatter rejection. The honeycomb-like 
structure of the septa eliminates the need for a 
solid material in between, so the space simply 
consists of the ambient air. Due to these factors, 
cellular grids result in a somewhat better contrast 
improvement compared to linear grids (Rezentes 
et  al. 1999). However, cellular grids require a 
more complex motion path to blur out the septa 
shadow, and therefore are more prone to 
malfunctioning.

Given the varying incident angle of primary 
X-rays due to the rotating X-ray source, in gen-
eral the anti-scatter grid is not used during acqui-
sition of tomosynthesis projections. This results 
in the signal from the scattered X-rays being 
included in the acquired projections, which has 
been found to reduce contrast and signal-to-noise 
ratio (Liu et al. 2006; Wu et al. 2009). The digital 
breast tomosynthesis systems from one commer-

cial vendor do use the anti-scatter grid during 
tomosynthesis, however.

Recently, one manufacturer has, for breast 
thicknesses up to 69 mm, replaced the use of the 
anti-scatter grid with a software-based post- 
acquisition correction for the effects of X-ray 
scatter (Fieselmann et al. 2013; Monserrat et al. 
2018; Abdi et  al. 2018). Removal of the anti- 
scatter grid avoids its (unwanted) attenuation of 
the primary X-rays. After evaluation of screening 
outcomes of over 70,000 patients, Abdi et  al. 
found an equivalent performance with the 
software- based solution but with a reduction in 
the dose of 13–36%, depending on breast 
thickness.

3.4  Digital Detector

Currently two main types of digital detectors are 
used in commercial digital mammography/digi-
tal breast tomosynthesis systems, the indirect and 
the direct detectors.

Indirect detectors, only used by one system 
vendor, involve a two-stage detection process, in 
which the incident X-rays are first absorbed in a 
crystal layer that, upon absorption of each X-ray, 
emits light. This light is the one that is then actu-
ally detected and quantified by the digital detec-
tor, resulting in a digital signal that corresponds 
with the amount of X-ray energy arriving at the 
detector. This two-stage behavior is similar to 
that used in screen-film.

Direct detectors rely on a detection layer in 
which the incident and absorbed X-rays directly 
result in an electrical charge, which is then quan-
tified by the electronics of the detector.

Both types of detectors result in digital images 
composed of ~2400–3500 pixels  ×  3000–4500 
pixels, depending on their pixel size, to cover the 
current standard full field size of ~24 cm × 30 cm. 
Although previous-generation digital mammog-
raphy systems included detectors of the order of 
24 cm × 20 cm, the current larger area detectors 
minimize the number of tiled acquisitions that 
were needed to fully image a larger compressed 
breast. For tomosynthesis, it is also common, to 
decrease acquisition time, for the pixels to be 
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binned (combined) during readout by 2 × 2 pix-
els. This results in pixels in tomosynthesis pro-
jections being double the size of those in 
mammography images, with a consequent loss of 
spatial resolution (Zhou et al. 2007). Newer and 
upcoming digital breast tomosynthesis systems 
do not perform this pixel binning, and count with 
newer electronics that still allows them to have 
fast image acquisitions.

During tomosynthesis acquisition, some 
imaging systems also rotate the detector with the 
X-ray source, while in others the detector remains 
stationary. To date, there do not seem to be any 
reports on if there is any benefit to either 
approach.

4  Breast Compression

There are many reasons why the breast is com-
pressed during acquisition:

• Dose reduction: The thinner the breast, the 
lower the dose needed to acquire an adequate 
image.

• X-ray scatter reduction: Breast thickness is 
the largest factor in the amount of X-ray scat-
ter generated in the breast, which reduces 
image contrast. Therefore, a thinner breast is 
important to reduce this effect.

• Tissue immobilization: To minimize the pos-
sibility of motion blur in the images, espe-
cially important for sharp depiction of 
calcifications, it is important to achieve good 
breast compression.

• Tissue coverage increase: During breast com-
pression, additional posterior tissue is brought 
into the field of view.

• Exposure time reduction: A thinner breast, 
resulting in the need for lower exposure, 
allows for a faster acquisition, reducing the 
chances for tissue motion.

• Thickness equalization: Constant breast thick-
ness results in a more consistent signal 
throughout the image, decreasing the require-
ments of dynamic range and post-processing.

• Geometric distortion reduction: Features far-
ther away from the detector are magnified dif-

ferently from those close to the detector, 
seeming larger even if of the same size. Breast 
compression minimizes this effect.

For all these reasons, adequate breast com-
pression is important, allowing for the acquisi-
tion of adequate images at the lowest dose 
possible. Unfortunately, there are too many fac-
tors involved in determining what is an “appro-
priate” compression for each breast, with perhaps 
some of them unknown (e.g., overall breast den-
sity). Therefore, it is impossible to prospectively 
give appropriate, breast-specific guidelines of 
what level of compression should be achieved per 
acquisition. In some screening protocols, a mini-
mum compression force is set, but these are gen-
eral, not evidence based (Waade et al. 2017a, b), 
and probably result in many cases in over- 
compression of the breast (Agasthya et al. 2017; 
Lau et al. 2017).

It is obvious that not achieving an appropriate 
compression level, and therefore under- 
compressing the breast, can affect clinical perfor-
mance due to increased tissue superposition, in 
addition to increase in dose, scatter, risk of 
motion blur, etc., resulting in a loss in sensitivity 
and a need for repeated acquisitions. However, it 
has also been found that over-compression may 
also affect clinical performance, resulting in 
lower sensitivity during screening (Holland et al. 
2017b). Therefore, avoiding over-compression 
not only is important to not subject the woman to 
unnecessary pain or discomfort beyond what is 
truly necessary, but might also be important to 
optimize screening performance. The mecha-
nisms involved as to why over-compressing 
might lead to a loss of detectability of some 
lesions is not yet understood.

In an effort to optimize the level of compres-
sion used for each patient, it has also been sug-
gested that compression pressure as opposed to 
compression force should be the metric of choice 
to determine and set compression level. Pressure 
is defined as the amount of force divided by the 
area over which it is applied. Therefore, the same 
amount of compression force applied on a smaller 
breast results in a higher compression pressure. 
Some reports show that monitoring and setting 
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pressure level result in a more consistent level of 
compression compared to using force (de Groot 
et al. 2013).

5  Clinical Performance 
of Digital Breast 
Tomosynthesis

There have been a large number of studies com-
paring digital breast tomosynthesis compared to 
digital mammography both for detection and for 
diagnosis. These have included side-by-side 
comparative studies; multi-reader multi-case 
receiver operating characteristic retrospective 
interpretation studies; retrospective evaluation of 
performance in both the screening and diagnostic 
setting; and prospective population screening 
studies, among others. In addition, some review 
articles have already comprehensively evaluated 
the available literature (Baker and Lo 2011; 
Gilbert et al. 2016; Houssami and Skaane 2013; 
Vedantham et al. 2015; Hodgson et al. 2016; Yun 
et  al. 2017). Here we will discuss some of the 
findings of these studies, although a comprehen-
sive review of all such literature is beyond the 
scope of this chapter.

5.1  Lesion Visibility

Some early studies before and upon introduction 
of digital breast tomosynthesis to the clinical 
realm compared the depiction of lesions between 
this modality and that in mammography. In one 
of the earliest such studies, Poplack et al. com-
pared the conspicuity of recalled lesions with 
breast tomosynthesis to that of diagnostic screen- 
film mammography (Poplack et al. 2007), finding 
that the former yielded superior lesion conspicu-
ity more often than the latter. However, calcifica-
tions were judged better visualized with 
mammography in 8 out of the 14 available 
lesions.

Andersson et al. compared the visibility of 40 
cancers in single-view tomosynthesis to single- 
and two-view digital mammography (Andersson 
et al. 2008). Interestingly, all lesions were chosen 

due to their subtlety or non-visibility in digital 
mammography, and the tomosynthesis view 
acquired was the one that depicted the lesion in 
mammography the least. Even in these condi-
tions, breast tomosynthesis showed an improve-
ment in visibility for 22 cancers vs. one-view 
mammography and 11 cancers vs. two-view 
mammography. The authors reported equal calci-
fication detectability, with the distribution of the 
clusters well depicted but the morphology of the 
individual calcifications not as well visualized in 
tomosynthesis.

In a second study from the same group, Lång 
et  al. (2014) investigated the visibility and the 
reasons behind discrepant interpretations of a 
subset of lesions from a previously performed 
observer study (Svahn et al. 2012). Breast tomo-
synthesis again depicted the lesions more clearly, 
with only 1 lesion out of 26 being assessed as 
more clearly visible in mammography. Lång 
et al. also performed a very interesting evaluation 
of these discrepant lesions, using the opinions of 
three expert radiologists to evaluate why the dis-
crepant lesions were missed by each modality. 
The reason for each false negative was deemed to 
be as either due to a lack of visibility (is the lesion 
visible?), a lack in the radiographic visibility of 
lesion characteristics (does the lesion look malig-
nant?), or an interpretative error by the reader 
(did the radiologist decide incorrectly?). All 
lesions were visible in tomosynthesis, and in only 
one case were its features not suggestive enough 
of malignancy to be recalled. In other words, the 
information to (correctly) detect the lesion was 
there in the vast majority of cases. This was not 
the case for digital mammography, for which the 
vast majority of lesions were deemed not visible 
or their features of malignancy not being suffi-
ciently clear. These findings suggest a potential 
radical change in the conduct and performance of 
screening for breast cancer.

5.2  Detection

In the same study by Poplack et  al. referred 
above, the addition of digital breast tomosynthe-
sis to the digital mammography screening exam 
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would have reduced the recall rate by approxi-
mately 40% (Poplack et al. 2007). However, the 
acquisition of tomosynthesis images was not per-
formed during the same compression event as 
that of the mammographic image. Therefore, the 
effect of repositioning on the ability to resolve a 
substantial number of overlapping tissue- 
mimicking lesions is unknown.

Various multi-reader multi-case observer 
studies compared the detection performance of 
digital breast tomosynthesis to mammography 
(Rafferty et  al. 2013, 2014; Gur et  al. 2009; 
Clauser et al. 2016; Gennaro et al. 2010; Spangler 
et  al. 2011; Wallis et  al. 2012; Rodriguez-Ruiz 
et  al. 2018b). In general, breast tomosynthesis, 
especially with two views, outperformed mam-
mography for all types of lesions. The use of 
single-view tomosynthesis resulted in different 
conclusions, ranging from no benefit over two- 
view mammography to a substantial benefit. In 
one study, the increase in performance of single- 
view tomosynthesis was half of that of two-view 
tomosynthesis (Rafferty et al. 2014). Two studies 
specifically compared the performance in detect-
ing calcifications, failing to detect a difference in 
the overall calcification detection (Clauser et al. 
2016; Spangler et al. 2011), even though Spangler 
et al. did detect an increased sensitivity for calci-
fication detection with mammography. These 
studies were important due to the early studies 
that showed a decrease in conspicuity of calcifi-
cations with tomosynthesis.

Retrospective studies on the impact of screen-
ing with digital breast tomosynthesis have 
reported, in general, an important decrease in the 
recall rate, and mostly an increase in the cancer 
detection rate (Destounis et  al. 2014; Lourenco 
et  al. 2015; Friedewald et  al. 2014; Rose et  al. 
2013; McCarthy et  al. 2014; Greenberg et  al. 
2014; Durand et  al. 2015; Sharpe et  al. 2016; 
Powell et al. 2017). It should be noted that, as is 
standard in the USA, the recall rate before intro-
duction of breast tomosynthesis was in the vicin-
ity of 10% for all studies. In addition, standard 
screening practice in the USA is the single read-
ing of exams.

In Europe, meanwhile, investigators have per-
formed large prospective screening trials to esti-

mate the potential impact of breast tomosynthesis 
on screening performance (Skaane et  al. 2013; 
Bernardi et al. 2016; Ciatto et al. 2013; Zackrisson 
et al. 2018; Romero Martin et al. 2018; Gilbert 
et al. 2015; Lång et al. 2016). Given some major 
differences in the way that screening is performed 
in these European programs compared to the 
institutional screening performed in the USA, the 
impact of this new modality was expected to be 
different. These trials show an important increase 
in the cancer detection rate, in the order of 
30–40%, while the effect of tomosynthesis on 
recall rate seems to depend on the baseline (mam-
mography) recall rate. Specifically, the effect of 
using breast tomosynthesis for screening is to 
tend to homogenize the recall rate, with higher 
baseline values decreasing, while low recall rates 
increasing, resulting in a recall rate approaching 
3.5–5.0%.

All these observational studies and, especially, 
the prospective screening trials were performed 
with different tomosynthesis systems, and with a 
variability of acquisition and reading strategies. 
The use of two- and single-view tomosynthesis, 
tomosynthesis as an adjunct or a replacement of 
mammography, single-reading tomosynthesis 
while double-reading mammography, or single 
or double reading of both are all parameters that 
have been varied in these studies. In any case, 
overall it does appear that tomosynthesis 
increases the sensitivity of screening, with the 
aforementioned impact on recall rate. The use of 
single-view tomosynthesis, single-reading tomo-
synthesis, and/or tomosynthesis as a replacement 
of mammography seems to be feasible, but, given 
the variety in characteristics of the systems evalu-
ated and the methods used, it is challenging to 
provide a single conclusion for what implemen-
tation is possible.

Of course, an actual outcome benefit from the 
introduction of tomosynthesis into screening 
would be a reduction in interval cancers and, 
eventually, mortality. Given its relatively new 
introduction, any impact that screening with 
breast tomosynthesis has on mortality would be 
impossible to evaluate for many more years to 
come. Several studies have compared the interval 
cancer rates after standard mammographic 
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screening compared to after screening with digi-
tal breast tomosynthesis, the majority of them in 
the context of the large prospective screening tri-
als performed in Europe. For the most part, inter-
val cancer rates have not been detected to be 
lower after tomosynthesis screening, or have 
been marginally lower with no statistical signifi-
cance (McDonald et al. 2016; Bahl et al. 2017; 
Houssami et al. 2018; Hovda et al. 2019; Skaane 
et  al. 2018; Bernardi et  al. 2020; Conant et  al. 
2020). It should be noted, however, that these 
studies have not been powered for this endpoint, 
and therefore the numbers of interval cancers 
involved up to now have been low. New larger 
trials, like the TOSYMA trial in Germany and 
TMIST in North America, may provide a more 
definitive answer as to the impact of tomosynthe-
sis screening on interval cancers.

5.3  Diagnosis

The impact of digital breast tomosynthesis in the 
diagnostic setting has also been evaluated. Brandt 
et al. compared, using a multi-reader multi-case 
observer study design, the diagnostic perfor-
mance of two-view breast tomosynthesis to 
multiple- view diagnostic mammography for non-
calcified lesions (Brandt et al. 2013). The average 
number of mammographic views acquired for the 
included cases was three. Tomosynthesis, even 
with the lower number of views acquired, 
achieved similar performance as that of diagnos-
tic mammography.

Zuley et  al. performed a similar study, com-
paring two-view breast tomosynthesis to 
multiple- view diagnostic mammography, again 
for the diagnosis of noncalcified lesions (Zuley 
et al. 2013). Zuley et al. did find an increase in 
performance, with a significant increase in the 
area under the ROC curve for tomosynthesis 
compared to that obtained for diagnostic 
mammography.

In a recent study, Bahl et al. performed a retro-
spective evaluation of the performance of breast 
tomosynthesis for the diagnosis of clinical con-
cerns, excluding screening recall cases (Bahl 
et al. 2019). For these types of cases it was also 

found that tomosynthesis could outperform mam-
mography, with an equivalent cancer detection 
rate, and a slightly decreased abnormal interpre-
tation rate. A comparison of the number of views 
acquired per modality was not provided, 
however.

Of course, if breast tomosynthesis is used for 
screening, there would be no benefit in acquiring 
these images again during workup due to abnor-
mal findings at screening. Therefore, it is 
expected that the diagnostic workup of screen- 
detected lesions, especially noncalcified ones, 
could involve only the use of ultrasound, to dis-
card the presence of cysts.

6  Population Screening 
with Digital Breast 
Tomosynthesis

As mentioned previously, population screening 
with digital breast tomosynthesis has not yet 
been widely implemented. Even though the 
observational trials in the USA and the large pro-
spective screening trials in Europe have shown 
important benefits with this modality, one of the 
major concerns of transitioning to tomosynthesis 
for population screening is the increase in read-
ing time with this modality. Therefore, there has 
been an intense interest in reducing the effort in 
reading digital breast tomosynthesis exams for 
the detection of suspicious lesions at screening. It 
is possible that a combination of time-saving 
strategies could be the final solution to make 
breast tomosynthesis feasible for widespread 
screening. These strategies could include both 
the reduction of time spent in reviewing each 
case and reducing the number of cases needing 
human reading. A number of alternative strate-
gies are being investigated to determine which 
one, or a combination thereof, could result in 
tomosynthesis screening requiring similar 
resources to mammography screening.

In the first place, given the ability of DBT to 
reduce tissue superposition, the acquisition of 
only the MLO view for screening could be 
feasible. The Malmö Tomosynthesis Breast 
Screening Trial was performed using single-view 
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tomosynthesis (Lång et  al. 2016; Zackrisson 
et al. 2018), resulting in an important increase in 
cancer detection rate. As mentioned above, since 
the baseline recall rate with mammography was 
low, tomosynthesis did result in an increase in the 
recall rate. Rodriguez-Ruiz et al. 2018c evaluated 
and compared the detection performance of 
single- view DBT to three other combinations of 
DBT and DM views, and found the former non- 
inferior to all other strategies (Rodriguez-Ruiz 
et al.  2018b, c). Single-view DBT resulted in a 
25% reading time increase compared to two-view 
DM, considerably less than the doubling in read-
ing time due to two-view DBT (Skaane et  al. 
2013). It should be noted that both of these stud-
ies were performed with a wide-angle tomosyn-
thesis system, so the generalization of these 
findings with a tomosynthesis device that covers 
a narrower angular range remains to be 
investigated.

Although screening mammography in Europe 
is mainly performed with double reading (with 
either consensus or arbitration), the possibility of 
single-reading breast tomosynthesis images for 
screening has been investigated. Houssami et al. 
showed that single-reading tomosynthesis screen-
ing during the STORM trial would still result in a 
41.5% increase in cancer detection rate (from 5.3 
to 7.5 cancers per 1000 women screened) with a 
reduction in the recall rate of 26.5%, from 4.9% 
to 3.6% (Houssami et al. 2014). In another large 
prospective screening trial, Romero Martin et al. 
also showed substantial improvement in perfor-
mance with single-reading tomosynthesis, with a 
21.3% increase in cancer detection rate (4.7 to 
5.7 per 1000) and an almost halving of the recall 
rate from 5.0% to 2.5%, a 42.0% reduction 
(Romero Martin et al. 2018).

Due to the limited vertical resolution of DBT, 
the usual DBT slices separated by 1 mm, result-
ing in dozens of slices to be read per view, could 
be reduced without compromising performance 
by combining the information into thicker 
(~8  mm) slabs. This was first proposed by 
Diekmann et al., proposing an advanced method 
to combine the slices into thicker slabs that is a 
good compromise between maximizing the visi-
bility of masses and calcifications (Diekmann 

et al. 2009). This method was evaluated in a ret-
rospective observer study by Agasthya et al. who 
showed a significant reduction in interpretation 
time of about 28% with a nonsignificant increase 
in performance with the 8 mm slabs (Agasthya 
et al. 2016). Dustler et al. evaluated the quality of 
depiction of lesions in 2 mm thick slabs, finding 
no loss in image quality, while interpretation of 
such images was found to be 20% faster (Dustler 
et  al. 2013). In another study from the same 
group, combining slices to 10  mm thick slabs 
was found to hamper lesion detectability, how-
ever (Petersson et al. 2016).

In a fraction of simple cases, it could be pos-
sible that the review of only the synthetic 
mammography image obtained from the tomo-
synthesis acquisition information could be 
enough to discard the case as normal, substan-
tially reducing the reading time. For difficult 
cases, in which the presence of dense glandular 
tissue results in the potential for false positives 
or negatives, then the entire tomosynthesis 
stack would need to be reviewed. The optional 
review of the stack should not affect the speci-
ficity of interpretation, since before recalling 
based on a synthetic mammography finding, the 
radiologist would review the stack. To estimate 
the fraction of difficult cases due to tissue mask-
ing that would need full stack review, a previ-
ous study on quantification of the masking 
effect could be used (Holland et  al. 2017a). 
Using a very conservative threshold for full 
tomosynthesis stack review in which 90% of 
interval cancers are included, about 40% of 
cases could be defined as easy, and therefore 
possible to only review the synthetic image. In 
a study evaluating the visibility of cancers in 
synthetic 2D images alone, Murphy et al. found 
that all cancers visible in the tomosynthesis 
stacks were visible in the synthetic mammo-
grams, including all cancers that were not visi-
ble in the digital mammography images 
(Murphy et  al. 2018). The review of the syn-
thetic mammogram only for a certain number 
of cases is an exciting and  promising strategy, 
but one that needs further study before it can be 
used. Since the creation of the synthetic mam-
mogram is purely based on software algorithms, 

I. Sechopoulos



15

it is expected that the quality of these images 
will continue to evolve as manufacturers 
improve their algorithms further.

Finally, using artificial intelligence (AI), we 
should be able to avoid the human interpretation 
of a substantial portion of screening cases, 
resulting in a substantial reduction in the case 
volume to be read. The introduction of deep 
learning algorithms for computer-aided detec-
tion (CAD) has increased CAD performance in 
mammography to levels equivalent to an average 
breast radiologist (Rodriguez-Ruiz et al. 2019). 
Recently, breast tomosynthesis CAD algorithms, 
also based on AI, have become commercially 
available, and have shown to result in both an 
improvement in performance and a substantial 
reduction in reading time (Conant et  al. 2019). 
Now that these computer algorithms are as good 
as humans in interpreting digital mammography 
and breast tomosynthesis images, they could be 
used as a first reader to triage between the cases 
that need to be human-read and those that do not. 
With such a computer-based triaging system, 
half of the screening cases could be automati-
cally labeled normal, and hence not human-read, 
with only a 7% of cancer cases being incorrectly 
included in that category (Rodriguez-Ruiz et al. 
2018a). It should be noted that human reading 
results in ~25% of cancer cases being interpreted 
as normal (National Evaluation Team for Breast 
cancer screening in the Netherlands (NETB) 
2016). The possibilities to improve performance 
and/or reduce reading time with AI in screening 
with tomosynthesis are varied and numerous. 
Although a full review of this topic is beyond the 
scope of this chapter, several recent review arti-
cles on this fast-evolving topic are available 
(Sechopoulos et  al. 2020; Sechopoulos and 
Mann 2020; Geras et al. 2019). Of course, dou-
ble reading of two-view digital breast tomosyn-
thesis examinations (including digital 
mammography images) for screening would 
most probably yield the highest performance, as 
opposed to incorporating any or a combination 
of the abovementioned strategies. However, in 
many screening programs, implementation of 
screening tomosynthesis with this standard 
strategy is not feasible, due to the important 

increase in radiologist reading time needed. 
Therefore, it must be realized that the potential 
of these strategies should be investigated, and 
eventually they should be implemented, if by 
doing so a substantial portion of the benefit of 
tomosynthesis screening is maintained while the 
increase in reading time is manageable. To 
achieve this, additional studies on the generaliz-
ability of these methods for the different types of 
tomosynthesis systems and the possible combi-
nation of various of these strategies should be 
undertaken.

7  Radiation Dose

Mammography and digital breast tomosynthesis 
are low-dose X-ray imaging examinations. 
However, their use for screening of the general 
population results in there being an intense inter-
est in the characterization and optimization of the 
dose involved in these modalities. These are, 
after all, by far the most commonly performed 
screening tests on asymptomatic people that use 
ionizing radiation. Therefore, not only should the 
level of radiation dose be well understood and 
minimized, but also its meaning and the current 
limitations of our methodology and knowledge 
also need to be communicated.

7.1  Basics of Breast Dosimetry

The metric that quantifies the radiation dose to 
the breast is the average glandular dose (AGD). 
The dose is qualified as being the “glandular 
dose” because, as opposed to the dose to all of the 
breast tissue, only the dose to the fibroglandular 
tissues in the breast is of interest. This is because 
these are the ones most at risk to develop breast 
cancer. The term “average” is used to reflect that 
the dose is the average of the dose to all the glan-
dular tissue in the breast. Since breast imaging 
uses relatively low-energy X-rays, there is a very 
large variation in the dose deposited throughout 
the breast during a single acquisition. The dose at 
the top surface of the compressed breast, closest 
to the X-ray source, can be an order of magnitude 

Mammography and Digital Breast Tomosynthesis: Technique



16

higher than that at the bottom of the breast, 
closest to the detector (Sechopoulos et al. 2010). 
The current models that translate organ dose to 
risk are based on the average dose to the entire 
organ, so any large differences in dose within an 
organ are not taken into account.

The average glandular dose in the breast, just 
like any other organ dose, cannot be measured, 
only estimated. This is done by measuring the 
intensity and characteristics of the X-rays that the 
breast is exposed to, and then converting this 
value to an AGD using specific conversion coef-
ficients. These conversion coefficients to obtain 
AGD were obtained by assuming a simplified 
model of the breast, in which all the fibroglandu-
lar and adipose tissues are perfectly mixed and 
are spread evenly throughout the breast (Dance 
1990; Dance et al. 2000, 2009, 2011).

7.2  Meaning of Breast Dose 
Estimates

This means that even when we estimate the dose 
resulting from a mammographic or breast tomo-
synthesis acquisition, we are not estimating that 
patient’s breast dose. Even if we take into account 
the exposure technique used for that acquisition, 
we only consider the number and type of X-rays 
to which we exposed that breast. The dose we 
calculated estimated on those factors is the dose 
to a model breast, which does not represent that 
patient’s breast characteristics. This model breast 
could be of the correct thickness, since conver-
sion coefficients are available for different thick-
nesses of breast. In addition, perhaps some 
consideration of the density (fraction of glandu-
lar tissue) of the breast could be taken into 
account, since conversion coefficients for differ-
ent densities are also available. However, the true 
structure of the fibroglandular tissue inside the 
breast, i.e., where it is located, is not considered 
in the current dose estimations. Assuming that 
the fibroglandular tissue is spread out evenly 
throughout the whole breast makes our dose esti-
mates not patient specific but model estimates. It 
has been found that using these model dose esti-
mates can overestimate the dose to the actual 

patient breast by up to a factor of 2 and, on aver-
age, overestimates the dose by 30% (Sechopoulos 
et al. 2012; Hernandez et al. 2015).

Other patient-specific factors, such as the 
thickness of the skin of that specific breast, and 
the mammographic view (CC, MLO, etc.), are 
also not taken into account. As can be expected, 
the thicker the breast skin, the lower the AGD 
(Huang et al. 2008), while the dose in the MLO 
view, for the same acquisition technique, is lower 
than that in the CC view (Sechopoulos et  al. 
2007). However, conversion coefficients are not 
available for different skin thicknesses nor differ-
ent mammographic views.

Therefore, it must be remembered that our 
current breast dose methods and estimates are not 
aimed at estimating the AGD to each specific 
patient for each specific view acquired. Even if 
the breast density of the patient is considered, as 
in some commercial breast dosimetry products, 
the resulting AGD is not patient specific. Rather, 
these estimates aim to obtain a relative estimate 
of the dose, useful for controlling the constancy 
of the behavior of the systems, the appropriate-
ness of their use, and the optimization of tech-
niques and technologies.

7.3  Mammography vs. 
Tomosynthesis Dose

During the introduction of digital breast tomo-
synthesis, especially for screening of asymptom-
atic women, one major concern was how does the 
dose from tomosynthesis compared to that from 
mammography. Furthermore, if tomosynthesis 
were used as an adjunct to rather than a replace-
ment of mammography, would the total dose be 
doubled, or more?

Early phantom-based characterization and 
comparison of the dose from mammography and 
tomosynthesis using the first commercial digital 
breast tomosynthesis system were performed by 
Feng and Sechopoulos (2012). Using simple 
phantoms that represented a range of breast 
thicknesses and densities, the authors found that 
the dose ratio between that from breast tomosyn-
thesis to that from mammography varied 
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considerably. For the traditional “standard” 
breast, i.e., 5 cm thick and 50% density, the dose 
from the two modalities was essentially equal, 
with only an 8% increase with breast tomosyn-
thesis. For a more clinically relevant standard 
breast, now considered to be about 6  cm thick 
and ~15% dense, tomosynthesis resulted in 
almost a doubling of the dose of that of 
mammography.

In a review paper, Svahn et al. collected all the 
comparisons of the dose between mammography 
and tomosynthesis provided in the early clinical 
performance comparisons between the two 
modalities (Svahn et  al. 2015). Of course, the 
dose comparison varied greatly, depending on the 
system used, and, presumably, depending on the 
characteristics of the breast. However, as 
expected, the greatest variation in how the dose 
from mammography compares to that of tomo-
synthesis depended on how the two modalities 
would be implemented, that is, if tomosynthesis 
were used as an adjunct to mammography, and if 
tomosynthesis would involve the acquisition of 
one or two views. As a result of this variability, 
the dose from a tomosynthesis exam could be as 
low as a third of that of a standard two-view 
mammographic exam (if single-view tomosyn-
thesis replaces mammography), to resulting in 
more than doubling of the dose (if two-view 
tomosynthesis is used in combination with 
mammography).

Once digital breast tomosynthesis was intro-
duced to normal clinical practice, then more 
extensive patient-based dose data became avail-
able and could be compared, especially on a 
patient-by-patient basis. In a comprehensive 
study, Bouwman et  al. compared the dose 
between both modalities for thousands of women 
imaged with systems of various vendors 
(Bouwman et al. 2015). Again, the ratios between 
the modalities varied depending on the breast 
characteristics, and, especially, depending on the 
system vendor. Figure 6 shows the resulting AGD 
values for both modalities with one system, based 
on the acquisitions of 2500 women. As can be 
seen, the dose from breast tomosynthesis is less 
variable for a given compressed breast thickness 
than that from digital mammography. In addition, 

for thin breasts the dose from tomosynthesis is 
mostly higher than that from mammography, 
while for thicker breasts there is a smaller differ-
ence, and for many thick breasts tomosynthesis 
results in a lower dose. For the latter, the tomo-
synthesis dose distribution is well within the 
range of dose values resulting from mammogra-
phy. Overall, with this system, the dose from 
digital breast tomosynthesis is 8% higher, on 
average, than that from digital mammography. 
For other systems, Bouwman et al. found varying 
differences overall for the dose from tomosynthe-
sis compared to that from mammography.

Overall, the dosimetric consequences of mov-
ing from mammography to tomosynthesis imag-
ing will be settled, in the big picture, not due to 
any dose penalty or savings due to physics- or 
technical-based optimization work on either 
modality, but by the clinical decision of how 
many views of each modality will be involved in 
one complete breast examination. This is because 
acquiring a single view as opposed to two, and/or 
replacing the mammographic acquisition with 
the computation of a synthetic mammogram, 

Fig. 6 Comparison of the average glandular dose (AGD) 
resulting from mammography (DM) and digital breast 
tomosynthesis (DBT) with one system, based on the 
acquisitions of 2500 women. The dose from DBT is less 
variable for a given compressed breast thickness than that 
from DM. The former tends to be higher than the latter for 
thin breasts, while for thicker breasts there is a smaller 
difference, and for many thick breasts DBT results in a 
lower dose. (Adapted from Bouwman et  al. “Average 
Glandular Dose in Digital Mammography and Digital 
Breast Tomosynthesis: Comparison of Phantom and 
Patient Data.” Physics in Medicine and Biology 60(20): 
7893–7907. © Institute of Physics and Engineering in 
Medicine. Reproduced by permission of IOP Publishing. 
All rights reserved)
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introduces much larger savings in dose than those 
that can be achieved by optimization of the 
acquisition technique or the technology involved 
in the imaging systems.

7.4  Radiation Dose vs. Clinical 
Performance

Even if, as mentioned above, the dose during 
X-ray-based breast imaging is of particular inter-
est due to its use for screening, the main focus of 
concern and interest should still be the optimiza-
tion of clinical performance.

The amount of radiation used for acquisition 
of a mammogram or a breast tomosynthesis 
image has a direct consequence on the level of 
noise in the image. Lesion detectability, espe-
cially of calcifications, is limited by image noise 
(Burgess et al. 2001). Therefore, it is important 
that the appropriate levels of dose are used to 
obtain an adequate, diagnostic, image. 
Compromising the clinical performance to save 
some fraction of the dose used, even for screen-
ing, should not be considered.

Furthermore, as discussed above, the choice 
of modality or combination of modalities has a 
much larger impact on the total dose of a breast 
exam than image acquisition technique selection. 
Implementing screening as one-view or two-view 
tomosynthesis, as a replacement or an adjunct to 
mammography, has, of course, the largest impact 
on the level of dose used for screening. The deci-
sion as to what modality or combination should 
be used for screening should be taken based on 
expected outcomes and other factors that deter-
mine feasibility: reading time, human and eco-
nomic resources, etc.

As discussed in Sects. 5 and 6, digital breast 
tomosynthesis results in important increases in 
cancer detection rate, and, in some cases, in an 
important reduction in recall rate. Even if for 
widespread screening of the general (asymptom-
atic) population it is determined that the optimal 
implementation of tomosynthesis screening 
results in an increase in dose, then the benefit in 
outcomes should be considered above any 
increase in risk due to radiation.

According to the current model of risk based 
on exposure to ionizing radiation, a 
mammography- based screening program, even 
involving annual mammography between 40 and 
55 years of age and biennially up to 74 years of 
age, would potentially result in 10.6 deaths due to 
radiation-induced breast cancers per 100,000 
women (Yaffe and Mainprize 2011). This is in 
comparison to 2070 breast cancer deaths in that 
same cohort of women between 40 and 74 years 
old, of which 497 could be saved by breast cancer 
screening (Yaffe and Mainprize 2011). Clearly, 
any discussion on the appropriateness of breast 
cancer screening with mammography or breast 
tomosynthesis should not be based on appropri-
ateness of the radiation doses involved, but on 
clinical, economic, and other factors.

Furthermore, it should be noted that the cur-
rent model used to relate the dose to risk of can-
cer development, as also used by Yaffe and 
Mainprize for the calculations above, assumes 
that there is no safe level of radiation. This means 
that no matter how low the radiation dose, if 
enough people are exposed to it, some cancers, 
and therefore some deaths, will be induced. 
Especially at the diagnostic imaging dose levels 
there is a lack of consensus on the effects and 
risks of this level of radiation, and they might be 
nonexistent (American Association of Physicists 
in Medicine (AAPM) 2018). Therefore, as stated 
by this Position Statement of the AAPM, given 
the uncertainty in these risk models, the use and 
recommendations for use of these imaging 
modalities should be based on their clinical 
appropriateness, and should be used with the lev-
els of radiation that are needed to achieve the 
required image quality.

7.5  Total Breast Dose During 
a Screening Examination

Let us consider a hypothetical scenario of a mam-
mographic screening exam consisting of the usual 
two views (CC and MLO) of each of the two 
breasts. For this exercise, let us assume that both 
breasts are exactly the same size and density, and 
that all the fibroglandular tissue present in the 
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imaged breast is exposed during both the CC and 
the MLO views. However, due to the MLO view 
compression resulting in the breast being a little 
thicker, the two views result in a slight difference 
in AGD; both left and right CC views each result 
in an AGD of 1.0 mGy while the left and right 
MLO views each result in an AGD of 1.2 mGy.

What is the total dose to the breasts for this 
screening exam?

It is tempting to answer that the total dose is 
simply the sum of the dose of the four acquisi-
tions: 4.4  mGy. However, to obtain the correct 
answer, the definition of dose needs to be 
considered:

 

Dose Energy deposited in tissue
Amount of tissue the energ

=
/ yy is deposited in  

The amount of tissue, in the case of breast 
imaging, as mentioned, is the mass of fibroglan-
dular tissue.

If we first consider the dose to each individual 
breast only, e.g., the left breast only, then the total 
dose to the left breast from the acquisition of both 
views is 2.2 mGy. This is because whatever X-ray 
energy was deposited during the acquisition of 
each of the two views, it was in the same fibro-
glandular tissue, the one of the left breast. Now, 
when the right breast is imaged, it also results in 
a total dose due to acquisition of both views of 
2.2 mGy. However, the X-ray energy deposition 
that resulted in this other dose was deposited in 
different fibroglandular tissue, that present in the 
right breast. Therefore, when calculating the total 
dose to both breasts, we do not only have double 
the energy deposition, but also have double the 
amount of tissue it is deposited on. As a result, 
the total breast dose due to this bilateral two-view 
screening examination is the average of the total 
dose received by each breast due to the two 
views. Since each breast was exposed to an AGD 
of 2.2 mGy, the total AGD to the breasts from this 
exam was also 2.2 mGy.

In short, when the dose from multiple views of 
the same breast is being calculated, the individual 
dose values are added. However, when the total 
dose to both breasts is being calculated, then the 
total dose received by each breast is averaged 
together.
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Abstract

Screening mammography is known to decrease 
breast cancer mortality. It is relatively inexpen-
sive and available to large populations of 
women. However, sensitivity is reduced in 
women with dense breast tissue. Consequently, 
other imaging techniques are used to improve 
upon the performance of digital mammogra-
phy both for screening and to better evaluate 
the breast once cancer is diagnosed. Ultrasound 
and contrast-enhanced breast MRI are two of 
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the most commonly used examinations for 
supplemental imaging. Using contrast to 
enhance tumor vascularity, MRI provides sig-
nificant improvements in sensitivity but MRI is 
limited by lack of widespread availability and 
high costs. Contrast- enhanced digital mam-
mography (CEDM) is an emerging technology 
that utilizes the MRI concept of imaging 
enhancing neovascularity on an adapted digital 
mammography platform to improve the sensi-
tivity and specificity of mammography alone. 
The purpose of this book chapter is to review 
the current status of CEDM.

1  Background

In randomized control trials, screening mam-
mography has consistently been associated with 
reduction in breast cancer mortality (Siu 2016). 
Mammography is relatively inexpensive and 
broadly available to large populations of women. 
The overall sensitivity of mammography is 
70–85%, but for women with dense breasts who 
are at increased risk for developing breast cancer 
(Boyd et  al. 2007), it is reduced to 30–50% 
(Carney et al. 2003). Consequently, a wide vari-
ety of additional imaging techniques have been 
developed to supplement screening mammogra-
phy as well as to evaluate the breast once cancer 
has been diagnosed.

Screening breast ultrasound and breast MRI 
are two such imaging techniques. Screening 
breast ultrasound is a purely anatomic method for 
evaluating for mammographically occult breast 
cancer. Multiple investigators have demonstrated 
that ultrasound detects an approximately 4 addi-
tional cancers per 1000 women (Berg 2016). 
Nevertheless, while ultrasound is theoretically 
less costly and widely accessible, it is limited by 
a large number of false-positive findings (Hooley 
et al. 2012). The ACRIN 6666 trial, a large multi-
center study, randomized 2809 women with ele-
vated cancer risk and dense breasts to three yearly 
independent rounds of screening mammography 
and ultrasound in a randomized order (Berg et al. 

2012). Supplemental ultrasound yielded an addi-
tional cancer detection rate of 3.7 per 1000 
women per year screened. However, among the 
substantial number of biopsies prompted by 
screening ultrasound (5.0%), only 7.4% were 
found to have cancer. After three rounds of both 
screenings, 612 women chose to undergo an 
MRI. Sixteen of these women had breast cancer 
that had not been detected on either mammogra-
phy or screening ultrasound; for 9 of these 16 
women, breast cancer could not be seen on subse-
quent targeted ultrasound.

Studies including the EVA trial also dem-
onstrated that MRI has significant additional 
value over and above mammographic and 
ultrasound screening, making a strong state-
ment that physiologic imaging improves can-
cer detection over purely anatomic imaging 
(Kuhl et  al. 2010). By utilizing contrast to 
enhance tumor vascularity, contrast-enhanced 
breast MRI screening significantly improves 
sensitivity of mammography, detecting up to 
97% of all breast cancers. However, MRI is 
expensive with limited availability for large 
numbers of women (Saslow et  al. 2007). 
Additionally, women who are claustrophobic, 
have metallic implants, or are allergic to gad-
olinium cannot undergo MRI.

Contrast-enhanced digital mammography 
(CEDM) is an emerging technology that utilizes 
the MRI concept of imaging enhancing neovas-
cularity to detect early breast cancers on an 
adapted digital mammography platform 
(Jochelson 2014). The purpose of this book chap-
ter is to review the current status of CEDM.

2  Techniques

The two techniques that have been utilized for 
performing contrast-enhanced mammography 
are temporal (dynamic post-contrast imaging) 
and dual-energy contrast mammography. 
Initially, the temporal technique was used but at 
this time dual-energy contrast mammography is 
the standard technique.
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2.1  Temporal Technique

The temporal or dynamic post-contrast technique 
relies on similar principles as dynamic post- 
contrast- enhanced breast MRI. After a unilateral 
single-view pre-contrast mammogram, iodinated 
contrast is administered. Sequential post-contrast 
mammograms are then acquired for 5–7 min.

The pre-contrast mammogram is subtracted 
from post-contrast mammograms to remove 
background non-enhancing parenchyma to pro-
duce subtraction images. Post-contrast-
enhanced mammograms at multiple time points 
can be used to produce dynamic curves to eval-
uate kinetics (initial and delayed phases) with 
the purpose of using kinetics to determine 
which enhancing lesions are most likely to be 
malignant.

Initial results were reported by Diekmann 
et  al. and were somewhat promising. The tech-
nique resulted in an improvement in sensitivity 
from 35% to 59% (Diekmann et  al. 2011). 
However, the acquisition of multiple post- 
contrast mammograms over 5–7  min was fre-
quently plagued by motion artifact. Additionally, 
only one view of one breast was imaged for each 
contrast injection, limiting sensitivity and the 
ability to localize tumors. And while the idea of 
using kinetic analysis seemed promising, kinetic 
information using this technique was different 
from that of MRI, limiting its specificity. As a 
result, the temporal technique has been 
abandoned.

2.2  Dual-Energy Technique

In this now standard technique, CEDM utilizes 
characteristics of the X-ray spectrum to provide 
an iodine image. Incoming X-ray photons inter-
act with electrons in K-shells. Photons with suf-
ficient energy cause electrons from the K-shell to 
be ejected, causing vacancies in the K-shell. 
Vacancies can be filled by electrons from other 
shells, generating characteristic X-rays in the 

process. Each substance has its own unique 
K-shell binding energy known as the k-edge. 
CEDM utilizes the k-edge of iodine to depict 
enhancing lesions.

The dual-energy technique involves acquisi-
tion of both low- and high-energy images nearly 
simultaneously. Low-energy images are obtained 
by utilizing X-ray photons with energy levels 
slightly below the k-edge of iodine (33.2 keV), 
similar to the energies utilized in conventional 
full-field digital mammography but insufficiently 
high to cause electrons from the K-shell to be 
ejected and produce characteristic X-rays. High- 
energy images are obtained by utilizing X-ray 
photons with energy levels above the k-edge of 
iodine (approximately 45–49  keV) with suffi-
cient energy levels to be absorbed by K-shell 
electrons and produce characteristic X-rays. 
High-energy images are subtracted from low- 
energy images to subtract background paren-
chyma yielding only contrast-enhancing lesions.

CEDM is performed using intravenous iodin-
ated contrast material. Peripheral access is 
obtained with a 20 G needle in an antecubital or 
other large vein when possible, and contrast is 
injected via a power injector at 3.0 mL/s followed 
by a saline bolus. The total amount of contrast is 
based on the patient’s weight (1.5 mL/kg with a 
maximum dose of 150 mL). After completion of 
the injection, the patient is positioned for her 
mammogram. The breast is placed under stan-
dard compression. The first exposure occurs 
approximately 2 min and 45 s after injection. For 
each perceived exposure both low- and high- 
energy images are obtained with standard mam-
mographic views: low-energy images are 
acquired using the routine filter while high- 
energy images are acquired using a copper filter. 
Post-processing yields what is essentially a sub-
traction image, i.e., generated to eliminate 
normal- background parenchyma. Low-energy 
and subtraction images are sent to a picture 
archiving and communication system for review 
(Fig. 1). The total examination time is approxi-
mately 8–9 min.
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a

b

Fig. 1 Standard set of contrast-enhanced mammography 
images in a 68-year-old woman who presented for evalu-
ation of a palpable finding in her right breast but whose 
workup was negative for underlying suspicious abnormal-
ity. Craniocaudal (a) and mediolateral oblique (b) views 

with marker denoting palpable finding in the right breast 
with post-processing images (outer panels) demonstrating 
the marker in the right breast but no suspicious 
enhancement

3  Clinical Studies

Lewin et al. conducted an initial feasibility study 
using a standard mammography unit (not 
designed as a dual-energy unit) to perform dual- 
energy mammography after intravenous contrast 
administration (Lewin et  al. 2003). They evalu-

ated 26 patients, 13 of whom had invasive can-
cers. Eleven of these tumors enhanced strongly, 1 
enhanced moderately, and 1 enhanced weakly.

Dromain et al. demonstrated the feasibility of 
unilateral CEDM using a filter adapted for 
CEDM (Dromain et  al. 2012). Jochelson et  al. 
demonstrated that it was feasible to perform 
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bilateral CEDM after a single contrast injection 
in 52 patients with known breast carcinoma 
(Jochelson et al. 2013).

3.1  Comparisons of CEDM 
with Digital Mammography

Studies comparing CEDM with digital mammog-
raphy have universally found that CEDM consis-
tently demonstrates statistically significant 
improvements in sensitivity compared with digi-
tal mammography alone (Luczyńska et al. 2014, 
2016; Lalji et al. 2016; Mori et al. 2017; Fallenberg 
et  al. 2014b; Cheung et  al. 2014; Lobbes et  al. 
2014; Dromain et al. 2011, 2012) with sensitivi-
ties ranging from 86% to 100%. Additionally, 
these improvements in sensitivity persist even in 
the setting of combining digital mammography 
with ultrasound. Dromain et  al. studied 110 
women undergoing both mammography and 
ultrasound and found that the addition of CEDM 
was associated with statistically significant 
improvements in AUC (0.87 vs. 0.83, p = 0.045) 
(Dromain et al. 2012). Moreover, CEDM is espe-
cially sensitive for women with dense breasts. 
Fallenberg et al. studied 118 patients with histo-
logically proven breast cancers of whom 56% had 
heterogeneously dense or extremely dense breast 
tissue. Sensitivity improved from 71.6% to 93.3% 
with CEDM (Fallenberg et al. 2014b). Similarly, 
Cheung et  al. studied 89 women with heteroge-
neously dense or extremely dense breast tissue 
who had benign and malignant lesions in whom 
sensitivity improved from 71.5% to 92.7% while 
specificity increased from 51.8% to 67.9% 
(Cheung et al. 2014).

Tennant et al. studied women presenting at a 
clinic for breast symptoms undergoing contrast- 
enhanced mammography (Tennant et  al. 2016). 
One hundred CEDM examinations with histopa-
thology (73 malignant, 27 benign) were evalu-
ated. Compared with low-energy digital images, 
CEDM was associated with improved sensitivity 
(94.5% vs. 84.4%, p  =  0.023) and specificity 
(80.7% vs. 63.0%, p = 0.014) (Fig. 2).

Specificity of CEDM is superior to that of 
mammography (Fallenberg et al. 2014a, b). 

Overall, eight studies (Lalji et al. 2016; Mori et al. 
2017; Luczyńska et  al. 2014; Fallenberg et  al. 
2017; Cheung et  al. 2014; Lobbes et  al. 2014; 
Dromain et al. 2012; Diekmann et al. 2011) have 
demonstrated statistically significant improve-
ments in specificity when compared with digital 
mammography while two (Luczyńska et al. 2016; 
Dromain et al. 2011) have found no statistically 
significant improvements in specificity. Lobbes 
et al. reported results on 116 women referred for 
CEDM to evaluate abnormalities detected dur-
ing breast cancer screening (Lobbes et al. 2014). 
One hundred thirteen of these women underwent 
CEDM. Sensitivity increased from 96.9% (these 
women were referred for abnormal imaging) 
to 100%. Specificity increased from 42.0% to 
87.7%. Mori et al. evaluated accuracy of CEDM 
compared with conventional digital mammogra-
phy in 143 breasts in 72 women in whom 90% 
of the breasts were dense (Mori et  al. 2017). 
Sensitivity was 90.9% and specificity 94.1%.

To evaluate the utility of CEDM in assessing 
patients with microcalcifications, Cheung et  al. 
studied 94 lesions in 87 women who underwent 
CEDM prior to undergoing stereotactic biopsy 
for microcalcifications without an underlying 
mass (Cheung et al. 2016). Of the 27 malignant 
lesions, 8 contained invasive components on core 
biopsy, all of which (8/8, 100%) demonstrated 
enhancement. Of the 19 patients with ductal car-
cinoma in situ (DCIS), 16/19 (84.2%) demon-
strated enhancement. Of the 35 benign lesions, 
only 8.6% (3/35) demonstrated enhancement. 
With a negative predictive value of 95.1%, the 
results suggest that CEDM can be used to risk 
stratify microcalcifications without evidence of 
underlying mass, but the absence of enhancement 
should not preclude biopsy of suspicious calcifi-
cations (Fig. 3).

3.2  Comparisons of CEDM 
with MRI

Studies evaluating CEDM have demonstrated 
sensitivities ranging from 72% to 96%, compa-
rable to contrast-enhanced breast MRI (Fallenberg 
et al. 2017; Chou et al. 2015; Wang et al. 2016; 
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Jochelson et  al. 2013; Łuczyńska et  al. 2015). 
Several studies have directly compared CEDM 
and MRI (Fig.  4). In a multi-reader study, 
Fallenberg et al. reported comparable diagnostic 
AUC for CEDM and MRI (0.84 vs. 0.85, respec-
tively) in 178 women with either invasive ductal 
carcinoma or ductal carcinoma in situ (Fallenberg 
et al. 2017). Chou et al. studied 185 patients with 
benign and malignant lesions and found no statis-
tically significant differences in AUC for CEDM 
and MRI (0.88 vs. 0.90, respectively) (Chou et al. 
2015). Wang et al. studied 68 patients with patho-
logically proven malignant and benign lesions 
who underwent breast MRI and CEDM and 
found that CEDM was associated with higher 
sensitivities (95.8% vs. 93.8%) but lower speci-
ficities (65.5% vs. 82.8%) (Wang et al. 2016). On 
the other hand, in a study of 52 women with 

known breast cancer, Jochelson et  al. prospec-
tively compared breast cancer detection by mam-
mography, MRI, and CEDM in 52 women with 
known carcinoma. Sensitivity for detecting the 
index cancer was 96% for CEDM and MRI, sig-
nificantly better than mammography (81%). 
They found lower sensitivities for CEDM com-
pared to MRI when evaluating for additional can-
cers beyond the index lesions but significantly 
higher specificities (Jochelson et  al. 2013). 
Luczynska et al. studied 102 patients with benign 
and malignant lesions and found comparable sen-
sitivities and AUC (0.83 vs. 0.84, respectively) 
(Łuczyńska et al. 2015).

Investigators have demonstrated that CEDM is 
very accurate in determining the actual cancer 
size. Luczynska et al. demonstrated that CEDM 
provided estimates of lesion size which were 

Fig. 2 Standard and CEDM mediolateral oblique (a) and 
craniocaudal images (b) of a patient with a palpable left 
breast finding with no suspicious underlying findings on 

CEDM. On ultrasound, the patient was found to have a 
possible hypoechoic lesion (c), biopsied yielding dense 
stromal fibrosis

a
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comparable to contrast-enhanced MRI (Łuczyńska 
et al. 2015). Lobbes et al. also found good correla-
tion between CEDM and pathology and CEDM 
and MRI in 58 breast cancers evaluated by both 
exams (Lobbes et  al. 2015). Mean differences 
between histopathology and CEDM were smaller 
(0.03  mm) compared with mean differences 
between histopathology and MRI (2.12  mm); 
however for the large majority of cases (84.5%), 

no size discrepancies were observed comparing 
CEDM with MRI.  Similarly, Fallenberg et  al. 
found no significant differences between lesion 
size measurement on MRI and CESM (27.7 vs. 
31.6 mm, respectively, p = 0.938) compared with 
histopathology in 80 women with newly diag-
nosed breast cancer (Fallenberg et al. 2014a).

Increased background parenchymal enhance-
ment (BPE) on breast MRI has been linked to 

b

c

Fig. 2 (continued)
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a

b

Fig. 3 Patient with suspicious microcalcifications in the 
inner right breast (a) without suspicious enhancement on 
CEDM (b), biopsied yielding intermediate-grade ductal 
carcinoma in situ with marked necrosis

increased breast cancer risk (Fig.  5) (Dontchos 
et al. 2015). Sogani et al. evaluated 287 women 
who underwent both CEDM and MRI within 
30 days of each other (Sogani et al. 2017). This 

study found substantial agreement between 
CEDM and MRI among the four categories of 
BPE: minimal, mild, moderate, and marked. 
Clinical characteristics’ associations with 
increased or decreased BPE were similar for 
CEDM and MRI.  On the other hand, Li et  al. 
found that CEDM was associated with signifi-
cantly decreased BPE compared with breast MRI 
in 48 women in a population weighted towards 
women with breast cancer (Li et  al. 2017). 
Neither study was designed to determine if BPE 
on CEDM was associated with increased breast 
cancer risk; this is an ongoing investigation.

On the whole, patients prefer CEDM to 
MRI.  Hobbs et  al. surveyed 49 patients who 
underwent both MRI and CEDM and found that 
patients preferred the experience of CEDM 
(Hobbs et  al. 2015). The most commonly cited 
reasons were faster procedure times, greater 
patient comfort, and decreased noise levels. In a 
survey of 38 patients undergoing both breast 
MRI and CEDM, Phillips et  al. found that if 
CEDM and MRI had comparable sensitivities, 
the patients would prefer CEDM (Phillips et al. 
2017).

Patel et al. used standard Medicare prices in 
2015 to evaluate the costs associated with 
contrast- enhanced mammography compared 
with contrast-enhanced MRI (Patel et al. 2017). 
One CEDM examination costs $196.01 com-
pared with $775.10 for one MRI examination 
(including the costs of contrast agents and 
computer- aided detection). They also used 
median equipment prices and maintenance costs 
to compare CEDM with MRI and found that 
equipment costs were approximately half for 
CEDM compared with MRI ($635,000 vs. 
$1,355,000).

3.3  Comparisons of CEDM 
with Ultrasound

Luczynska et al. compared CEDM and US in 116 
symptomatic patients (Luczyńska et  al. 2016). 
The sensitivity of CEDM was statistically signifi-
cantly higher than US (100% vs. 92%, p < 0.01). 
CEDM accuracy was statistically significantly 
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a b

c d

Fig. 4 Standard and CEDM mediolateral oblique (a) and 
craniocaudal (b) images of the left breast in a 61-year-old 
female presenting for high-risk screening for a history of 
lobular carcinoma in situ. CEDM demonstrated enhance-
ment that was considered suspicious (denoted by arrow) 

and MRI was recommended for further assessment. MRI 
was negative (c). The patient returned 6 months later for 
ultrasound which demonstrated irregular mass corre-
sponding to CEDM finding (d), biopsied yielding invasive 
lobular carcinoma

higher than US (78% vs. 70%, p = 0.03). AUC for 
both CEDM and US was 0.83. Klang et al. evalu-
ated the utility of performing ultrasound after 

CEDM examinations (Klang et al. 2018). Among 
87 biopsied lesions (37 malignant, 50 benign), 
CEDM findings given BI-RADS 0, 4, or 5 were 
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a b

Fig. 5 Corresponding CEDM and MRI examples of mild (a) and marked background parenchymal enhancement (b)

associated with malignancy (p < 0.0001); how-
ever ultrasound findings given BI-RADS 0, 4, or 
5 were not associated with malignancy 
(p = 0.985). Specificity of CESM was 40% (95% 
CI 26.4–54.8), significantly higher than US: 8% 
(95% CI 2.2–19.2).

4  Current and Potential 
Indications for Contrast- 
Enhanced Mammography

Many of the indications for breast MRI represent 
potential indications for CEDM, including of 
course CEDM for patients with contraindications 
to breast MRI. At this time, CEDM is mostly per-
formed for additional evaluation of patients with 
abnormal screening mammograms and/or symp-
toms of breast cancer (Dromain et  al. 2011; 
Lobbes et al. 2014) or for preoperative staging of 
known breast cancer (Fallenberg et  al. 2014b; 
Jochelson et  al. 2013; Lee-Felker et  al. 2017). 
Occasionally CEDM can be used for 
problem-solving.

Increasing numbers of women are receiving 
neoadjuvant chemotherapy (NAC) for breast can-
cer (Fig.  6). Contrast-enhanced breast MRI is 
known to be the best imaging method to assess the 
response to chemotherapy (Martincich et  al. 
2004) but there has been an increasing interest in 
the ability of CEDM to accurately assess tumor 
response. Iotti et al. have reported results on 46 
prospectively evaluated women who underwent 
both MRI and CEDM at baseline, halfway through 
treatment and at the end of treatment. Both MRI 
and CEDM underestimated residual tumor size: 
CEDM by 4.1 mm and MRI by 7.5 mm (Iotti et al. 
2017). Of interest, CEDM was more likely to  
predict pathologic complete response than 
MRI.  Travieso-Aja et  al. retrospectively studied 
204 breast cancers in 158 patients who underwent 
CEDM prior to surgery (Travieso-Aja et al. 2018). 
Mean tumor size at pathology was 20.7 mm while 
tumor size measured by CEDM was 23.6  mm 
(2.9 mm overestimation). Similarly, El-Said stud-
ied 21 patients with stage II and III breast cancer 
undergoing NAC and found that CEDM had an 
overall sensitivity of 40% and a specificity of 91% 
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Fig. 6 (a) Pre- and (b) post-neoadjuvant chemotherapy 
standard and CEDM mediolateral oblique images in a 
30-year-old female with ER/PR/HER2-positive invasive 
ductal carcinoma. No suspicious enhancement was found 

on CEDM post-neoadjuvant chemotherapy. Patient subse-
quently underwent mastectomy revealing no residual 
tumor. (Source: Bhavika Patel, MD, Mayo Clinic, 
Phoenix, AZ)

with 100% sensitivity for detecting complete 
response (El-Said et al. 2017). Barra et al. com-
pared the size of residual malignancy on surgical 
pathology with the size of residual malignancy on 
CEDM and MRI in 33 women post-NAC (Barra 
et  al. 2018). They found that CEDM measure-
ments were comparable to MRI and had good cor-
relation and agreement with surgical pathology 
measurements. Patel et al. studied 65 patients who 
underwent CEDM and MRI before and after neo-
adjuvant chemotherapy (Patel et al. 2018). Mean 
tumor size measured by CEDM or MRI was 
equivalent to the mean tumor size measured on 
surgical pathology within 1 cm. Additional stud-
ies are ongoing to clarify the potential benefits of 
using CEDM in patients after NAC.

Another potential indication for CEDM is 
screening for women at increased risk for breast 
cancer (Figs. 7 and 8) including post- lumpectomy 
patients, patients with a family history of breast 
cancer, patients with a history of high-risk lesions 
such as atypical ductal hyperplasia or lobular 
neoplasia, and women with dense breasts. Sung 
et al. evaluated the performance of CEDM in 904 
women undergoing screening CEDM for a vari-

ety of indications (intermediate or high risk, per-
sonal history of breast cancer, high-risk lesion) 
(Sung et al. 2019). They found that CEDM had a 
cancer detection rate of 15.5 of 1000. The sensi-
tivity of CEDM was 87.5%, compared with 
50.0% for digital mammography (p = 0.03). The 
specificity of CEDM was 93.7%, compared with 
97.1% for digital mammography (p  <  0.001). 
Sorin et al. evaluated the performance of CEDM 
in a retrospective cohort of 611 women with 
intermediate breast cancer risk and/or dense 
breast tissue (Sorin et al. 2018). In 21 malignan-
cies, CEDM demonstrated statistically signifi-
cant improvements in sensitivity (90.5% vs. 
52.4%, p = 0.008) compared with digital mam-
mography. Specificity was higher in patients 
undergoing digital mammography compared 
with patients undergoing CEDM (90.5% vs. 
76.1%, p < 0.001). The incremental cancer detec-
tion rate of CEDM was 13.1/1000 women (95% 
CI, 6.1–20.1). Jochelson et al. performed a pro-
spective trial comparing CEDM with MRI in 307 
women at increased risk for breast cancer 
(Jochelson et  al. 2017). Too few cancers were 
found to be able to assess sensitivity, but both 
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Fig. 7 CEDM in a 40-year-old patient 1 year post- 
lumpectomy with clear margins and radiation therapy, 
with corresponding ultrasound images of the lumpectomy 
site. Standard and CEDM craniocaudal (a) and mediolat-

eral oblique (b) images with CEDM demonstrated suspi-
cious enhancement within the lumpectomy bed. 
Ultrasound correlate (c) was biopsied yielding recurrent 
invasive ductal carcinoma

CEDM and MRI found the two mammographi-
cally occult invasive lobular cancers. No differ-
ences were found in specificity comparing 
CEDM to MRI (94.7% vs. 94.1%). Another clini-
cal trial is underway to compare CEDM with 
screening ultrasound. Preliminary results in 126 
women with five cancers were presented by Sung 
et  al. at the Radiological Society of North 
America annual meeting in 2016 (Sung et  al. 
2016). Only two of the five cancers were detected 
on ultrasound while all five were seen on 
CEDM.  Preliminary results of 1197 screening 
CEDM examinations in women, 27% of whom 
had a family history of breast cancer in a first- 
degree relative and 39% of whom had a personal 

history of breast cancer, were presented by Sung 
et  al. at the Radiological Society of North 
America annual meeting in 2017 (Sung et  al. 
2017). Twenty-two cancers were detected for a 
PPV3 of 31% with a cancer detection rate of 
18/1000.

There are preliminary efforts to integrate 
CEDM with tomosynthesis. There remain some 
technical difficulties in performing tomosynthe-
sis after contrast. Chou et  al. evaluated CEDM 
and contrast-enhanced tomosynthesis versus 
MRI. They found no statistically significant dif-
ferences in AUC between contrast-enhanced 
tomosynthesis and MRI (0.89 vs. 0.90, respec-
tively, p = 0.891), and between contrast-enhanced 
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Fig. 8 CEDM in a 52-year-old patient with a childhood 
history of mantle radiation for Hodgkin’s lymphoma. The 
patient presented for high-risk screening. Standard medio-
lateral oblique and craniocaudal images (a) did not reveal 
suspicious findings. Mediolateral oblique and craniocau-

dal CEDM images of the left breast (b) demonstrating 
suspicious enhancement, seen on the corresponding bilat-
eral breast MRI (c). Ultrasound was negative. The 
enhancement was biopsied under MRI guidance and con-
firmed to be ductal carcinoma in situ

tomosynthesis and CEDM (0.89 vs. 0.88, respec-
tively, p = 0.717) (Chou et al. 2015). Huang et al. 
studied 21 adult women with suspicious breast 
lesions (BI-RADS 4 or 5) prior to biopsy to com-
pare CEDM with contrast-enhanced tomosynthe-
sis (Huang et al. 2019). Using a 5-point scale (−2 
to +2) comparing CEDM or contrast-enhanced 
tomosynthesis, they found that contrast-enhanced 
tomosynthesis depicted lesion margins better. 

Contrast-enhanced tomosynthesis with a syn-
thetic 2D CEDM image delivered a 35.7% 
decreased radiation dose compared with 
CEDM + DBT.

Efforts are underway to adapt BI-RADS lan-
guage to contrast-enhanced mammography, 
drawing from BI-RADS 5 terminology for 
 mammography as well as BI-RADS for contrast- 
enhanced MRI without including kinetics.
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5  Risks

Despite all of its advantages, CEDM has its own 
unique set of risks:

5.1  Iodinated Contrast

The utilization of iodinated contrast is associated 
with certain risks, the most common of which 
involves iodine allergies (Cochran et  al. 2001; 
Hunt et  al. 2009). Zanardo et  al. identified 84 
articles with 14,012 patients in a systematic 
review of CEDM protocols and adverse reactions 
(Zanardo et al. 2019). Among all these patients, 
only one severe-nonfatal adverse reaction event 
was reported. Overall adverse reaction rates were 
comparable to previously reported reaction rates 
from CT scans. Reactions to iodinated contrast 
occur in less than 1% of all patients but are higher 
in patients with prior allergic reactions (Mortelé 
et al. 2005). Therefore prior to CEDM it is criti-
cal to determine if the patient is an appropriate 
candidate for contrast. Patients with histories of 
allergies to intravenous contrast should be asked 
about the nature and severity of their contrast 
reaction. Severe contrast reactions (respiratory 
difficulty, throat swelling, etc.) to iodinated con-
trast material represent an absolute contraindica-
tion to CEDM and these patients should obtain 
supplemental screening with contrast-enhanced 
breast MRI or screening ultrasound. Patients with 
a history of minor contrast reaction could theo-
retically be pretreated with corticosteroids and 
antihistamines prior to CEDM or alternatively 
obtain supplemental screening with other modal-
ities such as ultrasound or contrast-enhanced 
breast MRI. At our institution, patients with any 
history of contrast reaction do not undergo 
CEDM because there are other options. 
Additionally, it is critical that all members of the 
team performing CEDM are familiar with the 
guidelines for treating contrast reactions (ACR 
Committee 2017).

5.2  Renal Toxicity

A second less common risk is that of renal toxic-
ity. Potential CEDM patients should be screened 
in the same fashion as for computerized tomogra-
phy patients. Glomerular filtration rates obtained 
within 12 weeks of CEDM are required for high- 
risk patients, defined at our institution as patients 
over 70 years of age, or those who have a history 
of diabetes, hypertension, prior renal transplanta-
tion, etc. Again, since there are other available 
imaging options, any patient with low GFR 
(under 45) should not undergo CEDM.

5.3  Radiation Dose

CEDM uses both low- and high-energy images 
with standard 2D mammographic projections, 
thereby increasing radiation doses. James et  al. 
found that CEDM increases the average glandu-
lar dose by approximately 0.9  mGy compared 
with 2D examinations and 0.5  mGy compared 
with 3D examinations (James et  al. 2017). 
Although these doses are higher than standard 
2D and 3D mammographic examinations, 
Jeukens et  al. found that the average glandular 
doses were within the dose limits of 3 mGy set by 
the Mammography Quality Standards Act 
(Jeukens et al. 2014).

Since CEDM has been used primarily in the 
diagnostic setting, patients have frequently 
already had routine mammograms. In the screen-
ing setting, it was originally uncertain as to 
whether, as with tomosynthesis, a separate mam-
mogram would be necessary in addition to the 
routine CEDM.  Francescone et  al. studied 88 
women undergoing CEDM and found no statisti-
cally significant differences in technical parame-
ters or imaging findings when comparing 
low-energy images with conventional full-field 
digital mammography images (Francescone et al. 
2014). Similarly, Lalji et  al. studied 147 cases 
with both low-energy images and conventional 
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full-field digital mammography images and 
found no statistically significant differences in 
image quality (Lalji et  al. 2015). Finally, 
Fallenberg et al. studied 118 patients undergoing 
CEDM and found that CEDM without additional 
conventional full-field digital mammogram had 
comparable sensitivity and improved size assess-
ment with only a 6.2% increase in average glan-
dular dose (Fallenberg et  al. 2014b). They 
concluded that conventional full-field digital 
mammography can be avoided resulting in poten-
tial radiation dose savings of up to 61%, particu-
larly in patients with dense breasts.

6  Conclusions

CEDM is a promising emerging tool in breast 
imaging which utilizes the enhancement of neo-
vascularity of breast cancers for improved cancer 
detection, similar to contrast-enhanced breast 
MRI. Initial studies have suggested that CEDM 
has comparable sensitivity to contrast-enhanced 
breast MRI with lower costs, preferred by patients 
and potentially more available. Potential indica-
tions include diagnostic workup after abnormal 
screening or clinical symptoms, screening of 
women at increased risk for breast cancer includ-
ing some women with dense breasts, assessment 
of response to neoadjuvant chemotherapy, and 
evaluation of the extent of disease in patients 
with known breast cancer. Ongoing studies will 
help to define the role of this emerging technol-
ogy in both screening and diagnostic imaging 
settings.
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Abstract

Breast cancer screening with mammography is 
a validated and effective method, with a mortal-
ity reduction among women attending the pro-
gram in the range of 25–45%. European 
guidelines recommend biannual screening for 
women 50–69 years, but target groups vary 
somewhat among countries. American societ-
ies recommend annual screening, often from 
the age of 40. The goal of mammographic 
screening is to detect small node-negative can-
cers, and according to guidelines, at least 50% 
of screen-detected cancers should be less than 
15 mm. Detection of small invasive cancers is a 
difficult task and a great challenge. In order to 
have a high cancer detection rate and a low 
recall rate, independent double reading with 
consensus or arbitration is a common approach 
in Europe. Full-field digital mammography 
(FFDM) is the current standard examination for 
screening of women at average risk. 
Conventional mammography has two serious 
limitations: low specificity and sensitivity in 
women with dense breasts. Ongoing discussion 
is whether the current practice of FFDM for all 
women (“one-size-fits-all” concept) should be 
replaced by “personalized” screening also for 
women at average risk. Implementation of 
advanced techniques for population-based 
screening is, however, a great problem and 
challenge. Adjunct ultrasound has so far been 
most used. Other potential modalities for sup-
plemental screening include MRI and digital 
breast tomosynthesis. Adverse effects of mam-
mography screening (radiation exposure, false 
positives, false negatives, and overdiagnosis) 
should be kept as low as possible in order to 
optimize the balance between benefit and 
harms of breast cancer screening.

1  Introduction

Breast cancer is the most frequent cancer among 
women worldwide, with almost 1.7 million new 
cancers diagnosed in 2012 (Ferlay et  al. 2015). 

Women in Northern America, Northern and 
Western Europe, Australia, and New Zealand 
have the highest incidence of breast cancer, with 
an estimated age-standardized incidence of more 
than 80 per 100,000 and year. Approximately 
12% of women in Northern America will develop 
breast cancer during their lifetime. The lowest 
incidence is seen in Africa and Asia, where mam-
mographic screening is not available, and these 
cases are often diagnosed in a late stage with 
poor outcome (Ferlay et al. 2015).

The prognosis of breast cancer is greatly 
dependent on the stage at the time of diagnosis, 
and 5-year survival rates range from close to 
100% for the earliest, localized types to about 
25% for late stages with spread to other organs 
(Jemal et al. 2017). Despite an overall good prog-
nosis, the high incidence makes breast cancer the 
most common cause of cancer deaths, leading to 
approximately 500,000 deaths worldwide each 
year (Ferlay et al. 2015). Early-stage breast can-
cer is often asymptomatic, and typical clinical 
symptoms as a palpable mass, skin changes, pain, 
nipple retraction, or discharge from nipple are 
often a sign of a more advanced stage. The high 
incidence and good prognosis for localized dis-
ease made way for the introduction of breast can-
cer screening programs, which is the most 
widespread screening program worldwide.

2  History of Mammography 
Screening

The potential of mammography, an X-ray exami-
nation of the breast, has been known for many 
decades. However, it took several decades before 
the image quality opened for breast cancer 
screening. The first radiographies of breast can-
cer were mastectomy specimens published in 
1913 by the German surgeon Albert Salomon 
(Gold et al. 1990). Imaging technique and mam-
mographic studies of the breast were presented in 
the USA by the radiologist Stafford L. Warren in 
the 1930s. However, it was not until late 1950s 
that the cooperation between the radiologist 
Gershon-Cohen and the pathologist Ingleby 

C. Meltzer and P. Skaane



45

resulted in the first published study on mammog-
raphy for breast disease (Gershon-Cohen and 
Ingleby 1958). Their second publication in 1961 
showed that periodic mammography of women 
over 40 years of age might have the potential to 
reduce the mortality rate from breast cancer 
(Gershon-Cohen et  al. 1961). Of much impor-
tance was the first breast-dedicated X-ray imag-
ing equipment developed by the French 
radiologist Charles Gros and “Compagnie 
Générale de Radiologie” which was introduced 
to the market in 1966 (Gold et al. 1990).

The first randomized controlled trial (RCT) to 
prove the efficiency of mammographic screening 
was the Health Insurance Plan (HIP) study per-
formed in the state of New York between 1963 
and 1967. The study demonstrated a significant 
reduction in breast cancer mortality (Shapiro 
et al. 1971) in the group randomized to screening. 
Following the HIP study, the Breast Cancer 
Detection Demonstration Project (BCDDP), ini-
tiated in 1973, was designed to evaluate the use-
fulness of mammographic screening in women 
aged 35–74 years. This study showed that a large 
proportion of the detected cancers were small 
preclinical tumors, but the results of the BCDDP 
left some open questions since no control group 
was included (Baker 1982).

The promising results from the US pioneer 
studies initiated the interest in Europe for mam-
mography screening. The earliest case-control 
study in Europe started in Florence in 1970 (Palli 
et  al. 1986). This study was followed by two 
Dutch case-control studies, the DOM project in 
Utrecht in 1974 (Collette et  al. 1984) and the 
Nijmegen project in 1975 (Verbeek et al. 1984), 
and thereafter by the Edinburgh trial in 1978 
(Roberts et al. 1990). An important study for the 
further development was the so-called Sandviken 
study, a Swedish pilot project conducted by 
B.  Lundgren in 1974 showing that single-view 
(MLO-view) mammography has the potential to 
be a simple and cost-efficient approach for breast 
cancer screening (Lundgren and Jakobsson 
1976). The program “Europe Against Cancer” 
was launched in 1986 and aimed to introduce 
systematic screening for breast cancer for women 

aged 50–69 years (De Waard et  al. 1994; del 
Moral Aldaz et al. 1994). It became obvious that 
mammography might have a great potential in 
breast cancer screening, but the effect could only 
be proven in prospective randomized trials.

3  Scientific Basis for Current 
Screening: The Randomized 
Controlled Trials

The early randomized controlled trials (RCTs) 
were initiated in Europe and North America in 
the period between 1963 and 1982, and the results 
provided the scientific basis for the development 
of guidelines for mammographic screening. The 
RCTs are listed in Table 1.

Overall, the RCTs showed a mortality reduc-
tion of about 25% for women invited to the mam-
mography screening (Smith 2003). It is important 
today to keep in mind that the RCTs were carried 
out with screen-film mammography (SFM), with 
a much lower image quality as compared with the 
digital technique, which is the current gold stan-
dard for mammography screening. Furthermore, 
differences in study design including randomiza-
tion, target groups, screening interval, and imag-
ing technique (one-view and two-view 
mammography) have contributed to diverging 
results and much debate.

RCTs involve a randomization where one 
group of women is offered screening and the con-
trol group not. Today most Western countries 
have implemented breast cancer screening pro-
grams, and it is therefore unrealistic to believe 
that such randomized trials will ever be carried 
out again, and it would be unethical to randomize 
a group to non-screening. Consequently, we still 
need to use the results from these early trials, 
based on the examinations with poor-quality 
SFM in our never-ending debate on the benefit of 
mammography screening.

Radiologists need to keep in mind the concept 
of randomized trials: One group is invited to 
intervention (mammography) and the other is 
not offered mammography (control group). 
However, some women in the intervention group 
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invited to screening will not attend to mammog-
raphy (nonattenders) whereas some women in 
the control group will have mammography out-
side the trial (contamination). Evaluation of ran-
domized trials does not consider these aspects 
when interpreting the results, and consequently, 
the benefit for women who actually undergo 
screening will therefore be underestimated. The 
International Agency for Research on Cancer 
(IARC) Working Group has estimated the mor-
tality reduction for women attending the mam-
mography screening program to be about 35% 
(Smith 2003). Several studies on European 
screening programs have reported even greater 
benefit with a mortality reduction of women 
undergoing mammographic screening in the 
range of 38–48% (Gabe et  al. 2007; Hofvind 
et al. 2013; Broeders et al. 2012).

4  Digital Mammography 
in Breast Cancer Screening

At the end of the 1990s it became obvious that 
most or all radiologic imaging was going to be 
digital. Only mammography was still considered 
to be kept as a screen-film technology. The RCTs 
had shown that screen-film mammography 
(SFM) was an efficient technique to reduce mor-
tality from breast cancer. But it was obvious that 
digital mammography would offer several poten-
tial benefits in organized mammographic screen-
ing: elimination of technical failure recalls; 
reduction of the glandular dose; a higher work-
flow; a simplified archival, retrieval, and trans-
mission of images; and the potential for simpler 
implementation of computer-aided detection 
(CAD), telemammography, teleconsultations, 
and breast cancer screening program reorganiza-
tions. However, there were two main concerns 
regarding the implementation of full-field digital 
mammography (FFDM) in screening: soft-copy 
reading on monitors instead of hard copies on 
alternators, and the spatial resolution with respect 
to fine microcalcifications, which are often of 
most importance for early detection of subtle 
breast cancer. Again trials were necessary to 
show whether the new digital technology was 

ready for implementation in breast imaging and 
especially in screening.

The two pioneer studies comparing SFM and 
FFDM in breast cancer screening were the US 
Colorado-Massachusetts (Co-Ma) study (Lewin 
et  al. 2001) and the Oslo I trial (Skaane et  al. 
2003). The results of these two pioneer studies 
were promising, but somewhat disappointing 
since slightly lower cancer detection rates were 
found in both studies, although the difference 
was not statistically significant. A breakthrough 
came with the following Oslo II trial which 
showed a significantly higher cancer detection 
rate for FFDM (Skaane and Skjennald 2004). 
When the DMIST trial (Pisano et al. 2005) was 
published the next year, demonstrating a signifi-
cantly higher cancer detection rate for FFDM in 
younger women and in women with dense breast 
parenchyma, the decision for future mammogra-
phy screening was obvious: It was going to be 
digital. Several studies comparing SFM and 
FFDM in breast cancer screening published dur-
ing the following years mostly confirmed the 
results from the DMIST trial, although some 
studies showed divergent and somewhat conflict-
ing results. Overall, the higher cancer detection 
rate for FFDM was close to statistically signifi-
cant for women presenting with microcalcifica-
tions and dense breast parenchyma, but these 
higher detection rates were often achieved at the 
cost of a higher recall rate and consequently there 
was often no significant difference in the positive 
predictive values between the two techniques 
(Skaane 2009).

Full-field digital mammography is today’s 
“gold standard” for breast cancer screening in 
women at average risk for developing cancer.

5  Recommendations 
for Organized 
Mammographic Screening

The European Parliament Resolution on Breast 
Cancer in the Enlarged European Union pre-
sented the following statement in 2006: “The 
resolutions call for every woman in Europe to 
have access to the same first-class early detection, 
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diagnosis, treatment and aftercare, irrespective of 
where she lives, her social status, and her level of 
education. Women between the ages of 50 and 69 
must have the right to attend high- quality mam-
mography screening at two-year intervals in ded-
icated and certified centres paid for by health 
insurance schemes,” though the statement 
remains yet to be implemented in several 
European countries. The recommended age span 
for screening is chosen according to the highest 
beneficial effects in terms of mortality reduction, 
but there are some national differences (Giordano 
et al. 2012).

The USA strongly recommends screening, but 
does not offer an organized population-based 
screening program. The US Preventive Services 
Task Force (USPSTF) recommends biennial 
screening mammography for women aged 50–74 
years, a program intended to offer the best bal-
ance of benefit to harm, and that screening 
between the ages of 40 and 50 can be considered 
on an individual basis. The American College of 
Radiology (ACR) (Monticciolo et al. 2017) rec-
ommends annual screening starting at age 40 for 
women at average risk. The American Cancer 
Society recommends annual screening for 
women aged 45–54 years, and biannual or annual 
screening for women 55 years or older. ACR rec-
ommends that there is an opportunity for screen-
ing from age 40, and that screening continous as 
long as the overall health is good and that life 
expectancy is 10 years or longer. Breast cancer 
screening of women younger than 50 years is 
widely discussed, and the scientific evidence 
shows various results. A greater number of small, 
localized tumors are found, but the effect on mor-
tality and balance against the potential harms of 
screening is still unclear.

The national screening program in Australia 
invites all women aged 50–74 to undergo free 
biannual mammograms, and screening is also 
available for women aged 40–49 and over 74 
upon request (Lee and Peters 2013). New Zealand 
offers free, biannual mammograms for women 
aged 45–69 (Morrell et  al. 2017), Canadian 
guidelines recommend screening for women 
aged 50–69 (Warner et al. 2012), and the Republic 
of Korea recommends biannual screening for 

women over 40 years (Lee et al. 2016). In other 
Asian and Latin American countries, there are 
considerable national differences of the screen-
ing programs.

6  Guidelines and Quality 
Assurance of Screening 
Programs

The ideal screening program enables early detec-
tion of a potential lethal disease, identified by an 
inexpensive, safe test with high sensitivity and 
specificity, where effective treatment is available. 
Wilson and Junger wrote the paper “Principles 
and practice of screening for disease” for the 
World Health Organization (WHO) in 1968, and 
despite being published 50 years ago, the ten cri-
teria for screening are still considered as central 
in the planning, conduction, and evaluation of 
screening programs. The paper emphasizes that 
the target condition should be associated with 
important health problems, with an accepted and 
available method for detection, diagnosis, and 
treatment. Further, there should be an under-
standing of the natural history of the disease, and 
the cost should be balanced against the available 
resources for health care, with a continuous eval-
uation of case findings within the program.

A successful screening program requires qual-
ity in every step, including a complete registry of 
the defined target population, personal invitations 
to screening, adequate information about the pros 
and cons of participation, and follow-up of non-
responders. The method and interval for screen-
ing must be well defined, with a management 
team responsible for implementation of the pro-
gram. A quality assurance structure should be 
responsible for the quality of the examinations 
and radiological reports, and a health-care team 
responsible for the workup of abnormal index 
tests, as well as treatment and long-term follow-
 up of detected cancers. The program should also 
include guidelines on how to address incidental 
findings detected in screening. Continuous evalu-
ation of all aspects of the program is important in 
order to assure a high quality, and to assess prof-
its and harms.
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Screening can be population based, where all 
women in the target group are personally invited 
to a high-volume, standardized examination, or 
personalized, where imaging technique and 
 frequency are tailored according to individual 
factors such as family history, age, and breast 
density. There are numerous guidelines for 
screening of women at average risk, but the 
establishment of guidelines for screening of 
high-risk women, and suggestion for suitable 
imaging modalities for women with dense breast, 
is a challenge, which requires further research 
upon settlement.

6.1  Performance Indicators

The European Guidelines for Quality Assurance 
in Breast Cancer Screening and Diagnosis (Perry 
et  al. 2008) from 2006 presented a comprehen-
sive list of performance indicators for breast can-
cer screening including detection rates, follow-up 
of abnormal screening results, invasive diagnos-
tics, and maximum time for diagnosis and treat-
ment. Some of the indicators are listed in Table 2.

6.2  Quality of the Mammographic 
Report

A standard report should include the indication 
for examination, assessment of breast composi-
tion, important findings, comparison to previous 

studies, classification of assessment category, 
and management recommendations. Detection of 
discrete, early signs of malignancy requires opti-
mal reading environment and a systematic read-
ing strategy, and a standardized hanging protocol 
should be used for FFDM soft-copy reading, 
where the previous examination is used for com-
parison. Older images should also be accessible 
upon request.

The density of the breast parenchyma is of 
great importance for the expected diagnostic 
value of a mammogram, since both sensitivity 
and specificity are higher for fatty breasts than 
for dense breasts. For the referring physician, as 
well as for the women themselves, information 
about breast density is important. As to date 38 
states in the USA have introduced a “Breast den-
sity notification law” (Freer 2015), saying that 
the referring physician must inform the women 
about their breast density at screening mammog-
raphy so that, if desirable, further examination 
with supplemental imaging procedures might be 
initiated. This information and such recommen-
dations are so far not implemented in the 
European population-based screening programs.

Current recommendations say that each report 
should include an estimate of the breast composi-
tion according to the BI-RADS criteria (Winkler 
et al. 2015) presented by the American College of 
Radiology. Density category A is given to almost 
entirely fatty breast, B in breasts with scattered 
areas of fibroglandular density, C represents het-
erogeneously dense breast, and D is extremely 

Table 2 Performance indicators in breast cancer screening according to the European Guidelines for Quality Assurance 
in Breast Cancer Screening and Diagnosis

Performance indicator Desired level
Participant rate ≥75%
Radiographically acceptable screening examination ≥97%
Recall rate <5% for initial screening

<3% for subsequent screening
Node-negative cancers >75%
Percentage of invasive cancer ≤10 mm ≥30%
Percentage of invasive cancer ≤15 mm ≥50%
Detection rate of breast cancer in the first screening 
examination

≥3 times higher than the expected incidence in a 
non-screening population

Detection rate of breast cancer in subsequent screening 
examinations

≥1.5 higher than the expected incidence in a 
non-screening population

Rate of interval cancer ≤50% of the expected in a non-screening population
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dense breast; imaging examples are presented in 
Fig. 1.

The breast parenchyma density has tradition-
ally been estimated subjectively by the radiolo-
gist. However, radiologists’ interobserver 
variability is a huge challenge regarding breast 
density classification (Sprague et  al. 2016) and 
this fact causes problems not only for the indi-
vidual women having a mammographic exami-
nation, but also with respect to the application of 
supplemental imaging techniques in women hav-
ing density above a defined threshold (Bernardi 
et al. 2012; Ciatto et al. 2005b; Ekpo et al. 2016; 
Irshad et al. 2016; Lehman et al. 2002; Redondo 
et  al. 2012; Winkler et  al. 2015). Methods for 
automated breast density measurements have 

recently been developed, and the software calcu-
lates the proportion (volume or area) of dense tis-
sue in the breast, based on a given pixel threshold 
in the mammogram (Østerås et  al. 2016a, b). 
Both the volumetric and area-based automated 
methods have proven superior to the subjective 
BI-RADS estimate by the radiologist (Østerås 
et  al. 2016a, b; Winkler et  al. 2015; Alonzo- 
Proulx et al. 2015), and the method will probably 
be the reference standard for density assessment 
in the future.

The conclusion of a mammographic examina-
tion is often categorized according to the 
BI-RADS Final Assessment Categories 0–6, pre-
sented in Table 3. The assessment categories can 
be used in quality assurance of screening 

a b c d

Fig. 1 Breast density according to BI-RADS atlas 5th edition. (a) Category A: almost entirely fatty breast. (b) Category 
B: scattered fibroglandular tissue. (c) Category C: heterogeneously dense breast. (d) Category D: extremely dense breast

Table 3 BI-RADS Final Assessment Categories

Category Management Likelihood of cancer
0—Need additional imaging or prior 
examinations

Recall for additional imaging and/or 
await prior examinations

n/a

1—Negative Routine screening ~0%
2—Benign Routine screening ~0%
3—Probably benign Short-interval follow-up (6 months) (>0% to ≤2%)
4—Suspicious Tissue diagnosis 4a. Low suspicion for malignancy 

(>2% to ≤10%)
4b. Moderate suspicion for 
malignancy (>10% to ≤50%)
4c. High suspicion for malignancy 
(>50% to <95%)

5—Highly suggestive of malignancy Tissue diagnosis ≥95%
6—Known biopsy-proven malignancy Surgical excision
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programs, and for evaluation of the performance 
of the radiologists. The system is also designed to 
improve the communication between radiologists 
and clinicians. The BI-RADS category 3 (“short- 
term follow-up”) is not used in several screening 
programs since it can expose women with low 
risk of cancer to considerable anxiety during the 
6-month follow-up period. Some radiologists 
prefer therefore to categorize these “probably 
benign” lesions as BI-RADS 4 and consequently 
perform an immediate workup, or dismiss (cate-
gory 2) with a calculated small risk of missing a 
malignancy which might present as interval can-
cer or next screening round cancer.

6.3  Single Versus Double Reading

Most European population-based screening pro-
grams recommend double reading of the mam-
mograms by two independent radiologists. 
Interobserver variability is a huge challenge in 
mammography screening, and discordant inter-
pretations have been reported in 23% of 
screening- detected cancers in a population-based 
screening program (Hofvind et  al. 2009). 
Basically, double reading might be performed in 
a parallel or in a serial setup. Double reading in 
serial setup means that only images with a suspi-
cious finding by the first reader are reread by the 
second radiologist, and only cases where both 
readers assess the examination as positive (suspi-
cious) are referred to diagnostic workup. This 
approach results in a lower cancer detection rate 
but a higher specificity (lower recall rate). A par-
allel testing is where two readers independently 
read each examination, and the test is considered 
positive when at least one reader marks it as sus-
picious for malignancy. The most common 
approach is initial independent double reading by 
two radiologists, followed by a consensus or arbi-
tration meeting for examinations with positive 
interpretations by one or both readers. The aim of 
independent double reading with consensus or 
arbitration is to achieve both high sensitivity and 
high specificity. Studies have shown an increased 
cancer detection rate of 10–12% using double 
reading, and implementation of consensus or 

arbitration significantly reduces the recall rate 
(Dinnes et al. 2001; Klompenhouwer et al. 2015; 
Ciatto et  al. 2005a). However, the cost- 
effectiveness of double reading has been under 
discussion and one study found similar perfor-
mance for single and double reading, and con-
cluded that single reading might be a more 
cost-effective strategy (Posso et al. 2016).

Computer-aided detection (CAD) is designed 
to help the radiologists increase the cancer detec-
tion rate, and especially the detection of small 
early-stage cancers. The CAD system is benefi-
cial when it shows (by marks for calcifications or 
densities) malignant lesions that are visible and 
actionable, but are overlooked by the radiologist, 
and when the radiologist recognizes and acts on 
the missed cancers identified by the CAD system. 
The intention was that CAD might replace the 
second reader without reducing the cancer detec-
tion rates. A large study concluded that single 
reading combined with CAD could be an alterna-
tive to double reading by two radiologists (Gilbert 
et al. 2008). CAD might even have a potential in 
mammography screening using independent 
double reading as shown in an experimental 
study (Skaane et al. 2007). However, a large ret-
rospective study and a systematic review con-
cluded that CAD did not improve screening 
performance and that scientific evidence is insuf-
ficient to determine whether double reading can 
be replaced by single reader and CAD (Lehman 
et al. 2015; Azavedo et al. 2012).

7  Mammographic Diagnosis 
of Early Preclinical Breast 
Cancer

The goal of mammographic screening should be 
to detect node-negative preclinical breast can-
cers. According to the European Guidelines, at 
least 50% of invasive screen-detected cancers 
should be less than 15 mm in size, and at least 
30% should be less than 10  mm (Perry et  al. 
2008). Introduction of new imaging techniques 
including digital breast tomosynthesis, contrast- 
enhanced mammography, MRI, and advanced 
biopsy techniques such as vacuum-assisted 

Mammography Screening



52

biopsy has led to higher detection rates of cancers 
including ductal carcinoma in situ (DCIS). The 
detection of small, early-stage breast cancers at 
screening with mammography only remains a 
great challenge to the interpreting radiologists.

7.1  Ductal Carcinoma In Situ (DCIS)

DCIS often presents with “typical” microcalcifi-
cations in the more advanced cases. In the very 
early stage, however, the calcifications are often 
nonspecific and differentiation from benign 

microcalcifications may be difficult or impossi-
ble. It must also be borne in mind that areas of 
DCIS may not present with calcifications at all. 
The evaluation of the extent of DCIS may there-
fore occasionally be extremely difficult, but this 
is an important problem at the diagnostic workup 
of suspected DCIS. The great challenge for the 
radiologist in the reading session is not only the 
detection (perception) of small microcalcifica-
tions, but also the decision on which calcifica-
tions are suspicious and consequently need 
further diagnostic assessment (Fig. 2). It is also 
important to characterize calcifications that are 

ba FFDM Lcc

c

FFDM fine-focus magnification view

Fig. 2 (a–c) Screening mammography. Sixty-six-year- 
old asymptomatic woman. (a) The cluster of microcalcifi-
cations might easily be overlooked in the dense breast. (b) 
Zoomed image showing highly suspicious calcifications. 

(c) Fine-focus magnification view at diagnostic workup 
demonstrates “casting-type” calcifications consistent with 
high-grade (grade 3) DCIS, which was confirmed at 
histology
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most likely benign, and thereby keep the 
 unnecessary false-positive callbacks low. The 
mammographic findings of DCIS often reflect 
the breast anatomy, and calcifications’ morphol-
ogy and distribution may indicate the type and 
grade of DCIS.

Low-grade DCIS may often present with fine 
amorphous (“powdery”) microcalcifications 
which are located anatomically within the termi-
nal ductal lobular units (TDLUs). These mam-
mographic features of low-grade DCIS may also 
be seen in a variety of benign conditions. The dif-
ferential diagnosis of these microcalcifications is 
a challenge since the more common benign fibro-
cystic changes also originate in the TDLUs, with 
similar calcification pattern as DCIS (Tabár et al. 
2008). The so-called casting (or linear branching) 
type calcifications are typically observed in high- 
grade DCIS (Fig. 2c). These casting-type calcifi-
cations may manifest as a fragmented casting 
type and a dotted casting type (Tabár et al. 2007). 
It is important in mammographic screening to 
diagnose cancers manifesting as casting-type cal-
cifications at an early stage since these cancers 
have a much poorer prognosis than cancer of 
comparable size without such calcifications 
(Tabar et al. 2004). Unfortunately, calcifications 
are frequently rather nonspecific in the very early 
stages. In a large study it was found that “only” 
50% of high-grade DCIS measuring less than 
10  mm presented with casting-type calcifica-
tions, and that size is a major determinant of the 
mammographic features of DCIS (Evans et  al. 
2010).

Association between screen-detected DCIS 
and subsequent invasive cancers in mammogra-
phy screening has been shown, and consequently 
the detection and treatment of DCIS are worth-
while in the prevention of future invasive breast 
cancers (Duffy et al. 2016).

7.2  Early Invasive Breast Cancer

The mammographic findings in invasive breast 
cancer are often divided into primary and second-
ary (indirect) signs. The most invasive cancers in 
a mammography screening program present with 

primary signs, and the BI-RADS atlas should be 
used for further characterization of suspicious 
findings (Fig. 3).

The secondary signs of invasive breast cancer 
include skin retraction, nipple retraction, and 
skin thickening (“peau d’orange”). History (pre-
vious biopsy or operation) is important in cases 
of skin or nipple retraction seen on screening 
mammograms. Skin edema is rarely diagnosed 
on screening mammograms since most women 
presenting with this finding will consult their 
physician and not attend the screening program. 
Differential diagnosis may rarely include 
enlarged axillary lymph nodes, thrombosis in the 
subclavian vein, or heart failure. Enlarged axil-
lary lymph node(s) on screening mammography 
with normal findings within the breasts may 
include several differential diagnoses.

The mammographic findings in cases of inva-
sive breast cancer rarely suggest a specific type of 
cancer, and in general a suspicious finding 
requires histologic examination. Invasive cancer 
may present as a circumscribed or spiculated 
mass, architectural distortion, asymmetric den-
sity, and/or calcifications, often in combination 
with densities. A single dilated duct is an 
extremely rare sign of cancer. An asymptomatic 
asymmetric density without suspicious mammo-
graphic features is in general a normal variation 
of the fibroglandular tissue. A developing asym-
metric density, however, is suggestive of malig-
nancy and requires further diagnostic workup. 
Comparison with previous mammograms is 
therefore of utmost importance in screening 
mammography interpretation.

The detection of early, subtle mammographic 
findings indicating early cancer requires optimal 
reading environment and a systematic search for 
abnormalities. Full-field digital mammography 
(FFDM) with soft-copy reading is today the gold 
standard for screening mammography. In the 
high-volume population-based European screen-
ing programs batch reading mode is the common 
procedure for interpretation of screening mam-
mograms. Batch reading sessions might be a 
great challenge, and good hanging protocols 
including previous screening examinations are 
important. A systematic search for abnormalities 
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FFDM Lcc

FFDM Lcc

FFDM Lmlo

FFDM Lmlo

a

c d

b

Fig. 3 (a–d) Sixty-six-year-old woman. Screening mam-
mography, left breast. (a) CC mammogram and (b) MLO 
mammogram show a suspicious area (arrows), but a defi-
nite mass is difficult to identify. Zoomed images (c and d) 

demonstrate a spiculated mass, but the extension of the 
tumor is not possible to delineate. Histology revealed 
invasive ductal carcinoma, 18 mm
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is important as otherwise subtle cancers may 
 easily be missed. Interobserver variability is a 
great challenge as mentioned above, and more 
than 20% discordant interpretations of screen-
detected cancers in population-based screening 
have been reported (Hofvind et al. 2009).

8  Personalized Screening 
for Women at Average Risk

Conventional mammography, SFM as well as 
FFDM, has two main inherent limitations: first, a 
low sensitivity, i.e., a low cancer detection rate in 
women with dense breast parenchyma due to a 
“masking effect.” Tumors having a density simi-
lar to the surrounding parenchyma may easily be 
missed due to superimposed dense tissue. Second, 
summation of overlapping tissue may often simu-
late a tumor (“pseudotumor”) causing unneces-
sary recalls and workup. Carney et  al. (2003) 
found a sensitivity regarding cancer detection in 
mammographic screening of 87% among women 
with fatty breasts, decreasing to 62.9% for 
women with extremely dense breast, and even 
lower sensitivities have been reported. This 
means that subgroups of women are invited to 
breast cancer screening programs using a diag-
nostic test (mammography) having an unaccept-
able poor sensitivity, a fact that has led to the 
previously mentioned mandatory information of 
breast density, and possible need for supplemen-
tal screening for women attending mammo-
graphic screening in an increasing number of 
states in the USA (Freer 2015).

Since up to 50% of breasts examined in mam-
mographic screening programs are BI-RADS 
category C or D, there is a need for a cost- 
effective and diagnostic sufficient alternative 
imaging for a great number of women. These 
mammography limitations together with the dis-
cussion in the last years on optimizing the bal-
ance between benefit and harms of breast cancer 
screening have initiated the focus on the so-called 
personalized screening. So far organized, 
population- based screening has been a “one-size- 
fits-all” approach: two-view mammography for 
all participants. In order to optimize benefit and 

harms, the future screening might be “personal-
ized” based on age, risk models including breast 
density, and medical history. A difficult topic in 
the discussion on personalized screening has 
been which supplemental imaging techniques 
and modalities should be used for the different 
categories of women. The most actual modalities 
to be implemented as adjunct to mammography 
have so far been ultrasound (US), MRI, and digi-
tal breast tomosynthesis (DBT).

8.1  Ultrasound as Supplemental 
Imaging

US has been the most used supplemental imaging 
modality for women with dense breast paren-
chyma. US may often miss tumors in fatty 
breasts, but in these women there is in general no 
indication for adjunct US examination, since 
mammography has a high sensitivity in this 
group. On the other hand, hypoechoic tumors in 
women with dense breast parenchyma having 
echogenic tissue are easily detected. Adjunct 
ultrasound is often of great value for detecting 
cancers in women with dense breast. In a retro-
spective study US detected more cancers than 
digital breast tomosynthesis in lesions sur-
rounded by a small amount of fatty tissue (Garcia- 
Barquin et al. 2017).

Handheld ultrasound (HHUS) has several lim-
itations as an adjunct method in breast cancer 
screening: Images are often not reproducible, 
documentation is limited, comparison with prior 
examinations is difficult, it is time consuming, 
double reading is not possible, and especially US 
as a stand-alone test has a very low specificity 
with many false-positive results. Nevertheless, 
cancer detection rate with ultrasound screening is 
comparable with mammography, but false posi-
tives are more common (Berg et al. 2016). In the 
prospective ASTOUND trial, women with 
mammography- negative dense breasts were 
offered adjunct screening with ultrasound or 
tomosynthesis (Tagliafico et  al. 2016). US 
detected significantly more cancers than 
DBT. Only one country, Austria, has so far imple-
mented supplemental ultrasound in organized 
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high-volume screening (Oberaigner et al. 2011), 
offering handheld ultrasound to the approxi-
mately 45% of participating women with dense 
breast parenchyma (BI-RADS C or D). Evaluation 
of this program shows promising results with an 
increased cancer detection rate for women at 
average risk with dense as well as non-dense 
breasts, but with an increase in recall rate 
although the recalls were low (Buchberger et al. 
2018; Geiger-Gritsch et al. 2018). The ultrasound 
examinations are carried out during the same 
visit and by the same radiologist as a “second- 
line screening procedure,” with a final BI-RADS 
category after both exams, and consequently the 
additional value of adjunct ultrasound per se is 
difficult to evaluate. The higher costs of com-
bined screening with mammography and ultra-
sound would be a challenge in population-based 
screening. Austria uses single reading, and the 
physician-performed ultrasound is covered by 
social insurance.

Automated breast ultrasound (ABUS) 
(Chapter “Automated Breast Ultrasound”) would 
overcome some of the limitations of HHUS in 
breast cancer screening. The examination is car-
ried out by radiographers and consequently can 
be done in the screening unit after automatic 
breast density measurement (single-visit diagno-
sis). Addition of ABUS to screening mammogra-
phy in women with dense breasts increased the 
cancer detection of clinically important cancers, 
but also increased the number of false-positive 
findings (Brem et al. 2015). Another study com-
bining mammography with ABUS in women 
with dense breasts, however, showed signifi-
cantly improved cancer detection without sub-
stantially affecting specificity (Giger et al. 2016).

8.2  Magnetic Resonance Imaging 
(MRI) as Supplemental 
Imaging

MRI has a very high sensitivity not only for 
invasive breast cancer but also for DCIS, with 
cancer detection rates significantly higher than 

mammography in women with dense breast 
parenchyma (Kuhl et  al. 2007). The modality 
has been used for several years in women at 
high risk. A decade ago it was also suggested 
that “mammography is going to be replaced by 
MRI, not only in high-risk women but increas-
ingly in those at average risk”(Hall 2008). 
Development of fast MRI techniques like “short 
first-pass MRI” (Fischer et al. 2012) and abbre-
viated breast magnetic resonance imaging 
(“ABB-MRI”) (Chapter “Abbreviated Breast 
MRI: Short and Sweet?”) (Kuhl et  al. 2014) 
may open the door for implementing this 
modality even in breast cancer screening of 
women at average risk for developing cancer, 
either as adjunct or as single examination. Of 
importance is that MRI not only improves the 
detection of prognostically relevant invasive 
cancers but also has the potential to reduce the 
number of interval cancers (Bakker et al. 2019; 
Comstock et al. 2020; Kuhl et al. 2017).

Although ABB-MRI may solve some practi-
cal problems, the two main limitations of MRI 
implementation in organized high-volume 
(population- based) screening for women at aver-
age risk remain: cost and availability.

8.3  Digital Breast Tomosynthesis 
(DBT) as Supplemental 
Screening (Chapter 
“Mammography and Digital 
Breast Tomosynthesis: 
Technique”)

The most promising supplemental screening 
technique to conventional mammography as of 
today is digital breast tomosynthesis (DBT or 
“3D mammography”), approved by the FDA in 
2011 (Vedantham et al. 2015). DBT is based on a 
full-field digital mammography (FFDM) plat-
form, and images are obtained in the same cra-
niocaudal and mediolateral oblique projection as 
conventional mammography. The moving X-ray 
tube acquires multiple low-dose projections over 
a limited angular range, and the projection images 
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are reconstructed to 1 mm section images. DBT, 
only a quasi-3D examination due to the limited 
angle of scanning, reduces the obscuring effect of 
superimposed breast tissue, thus improving the 
detection of lesions otherwise hidden by the 
dense parenchyma. Cancers are more  conspicuous 
at DBT than at digital mammography, but can-
cers may occasionally be detected at only one of 
the two views (Korhonen et  al. 2019). 
Furthermore, DBT can replace conventional sup-
plemental views for evaluation of noncalcified 
lesions earlier needed to be recalled from screen-
ing, thus further reducing the number of false- 
positive interpretations and unnecessary recalls. 
Thus, the modality has a great potential for 
improving breast cancer screening (Vedantham 
et al. 2015); image example is presented in Fig. 4. 
Some prospective European trials and several ret-
rospective US studies have confirmed that DBT 
has the potential to significantly improve the 
quality of breast cancer screening. All European 
trials except one have shown a significantly 
higher detection rate of invasive cancer but some 
conflicting results regarding recall rates (Ciatto 
et al. 2013; Skaane et al. 2013; Lang et al. 2016; 
Zackrisson et al. 2018). One study found as much 
as 90% more cancers using DBT but with similar 
recall rates in the two groups (Pattacini et  al. 
2018). The only prospective trial that did not 
demonstrate an increased cancer detection rate 
was the To-Be trial (Hofvind et al. 2019). All US 
studies have demonstrated a significant reduction 
in recall rates, but some conflicting results regard-
ing cancer detection (Rafferty et  al. 2016; 
Friedewald et  al. 2014; McDonald et  al. 2015). 
Different screening environments in Europe and 
the USA, with single reading vs. double reading 
and much higher recalls in the USA, might 
explain these differences. A recently published 
Australian study found a higher cancer detection 
rate and a higher recall rate using DBT in a pro-
spective population-based screening trial 
(Houssami et al. 2019).

The first screening studies evaluating the 
implementation of tomosynthesis compared 
FFDM with FFDM plus DBT, i.e., the so-called 

combo mode. This “combo mode” means a dou-
bling of the radiation dose which is not accept-
able in population-based screening. The solution 
is synthesized 2D images (“syn2D”). Synthetic 
2D images are created from the DBT dataset and 
need no extra radiation exposure. The diagnostic 
performance of syn2D plus DBT is comparable 
to FFDM plus DBT (Zuley et  al. 2014; Aujero 
et  al. 2017; Bernardi et  al. 2016; Skaane et  al. 
2014; Caumo et al. 2018). An example of screen-
ing examination using synthesized 2D image in 
combination with DBT is presented in Fig.  5. 
Synthesized 2D images will eliminate the need 
for FFDM in breast cancer screening, and the 
next future mammography screening tends to be 
DBT with reconstructed syn2D.

DBT is increasingly used in breast cancer 
screening in the USA but has so far not been 
implemented in any population-based European 
screening program. The effect of DBT screening 
on subsequent interval cancer rates and stage of 
advanced cancers is still not known, and the 
potential for the so-called overdiagnosis when 
implementing new advanced technologies is a 
hot topic. Screening with DBT is associated with 
an increased proportion of smaller breast cancers 
with better prognosis compared with FFDM 
(Conant et  al. 2019a, b; Johnson et  al. 2019). 
Screening using DBT depicts more cancers in all 
density and age groups compared with digital 
mammography owing to the higher number of 
cancers presenting as either spiculated masses or 
architectural distortions (Østerås et  al. 2019). 
Some studies have shown similar rates of interval 
cancers with FFDM (Bahl et al. 2018) but other 
studies found a decline in interval cancers 
(McDonald et al. 2016). Cost-effectiveness stud-
ies have shown that DBT screening might be cost 
effective in the USA (Lee et al. 2015; Kalra et al. 
2016), but such studies in European screening 
programs with much lower recall rates might 
demonstrate that DBT is not cost effective at 
lower willingness-to-pay thresholds (Sankatsing 
et al. 2020) and further European studies need to 
be carried out. A matter of concern is the longer 
reading time for DBT.  The Australian study 
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FFDM L mloa DBT L mlob

d DBT L mloc FFDM L mlo

Fig. 4 (a–d) Screening mammography, left breast. (a) 
FFDM MLO shows a central, nonspecific asymmetric 
density. (b) DBT demonstrates a small spiculates mass. 

Zoomed images (c and d) clearly show a spiculated mass 
on DBT not seen on FFDM (arrow). Histology: Invasive 
lobular carcinoma, 8 mm

found that the screen reading time for DBT was 
about four times as long as for standard mam-
mography (Houssami et al. 2019). Implementation 
of artificial intelligence (AI) in the future might 

not only improve diagnostic performance of 
screening programs but also shorten the DBT 
reading time (Conant et al. 2019a, b; Sechopoulos 
and Mann 2020).
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syn2D L cc  a DBT L cc b

syn2D L cc c DBT L cc   d

Fig. 5 (a–d) Screening mammography, 66-year-old 
woman. (a) Synthetic 2D shows only a benign small mac-
rocalcification (arrow). (b) DBT clearly demonstrates 
spiculations (architectural distortion) around the small 

calcifications. Zoomed images (c and d): Even in retro-
spect a distortion is not visible on 2D. Histology revealed 
invasive lobular carcinoma, 6 mm

8.4  Other Imaging Modalities 
as Supplemental Screening

Several imaging modalities including molecu-
lar breast imaging, optical imaging, dedicated 

breast CT, contrast-enhanced mammography, 
and different hybrid and fusion techniques have 
the potential to improve cancer detection at 
early stage. Molecular breast imaging (MBI) is 
considered as one of the best supplemental 
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imaging modalities to mammography in dense 
breasts if the radiotracer dosage can be reduced 
(Rhodes et  al. 2015; Shermis et  al. 2016). A 
nationwide Japanese study showed that com-
bined FDG-PET scanning showed higher sensi-
tivity and higher positive predictive values than 
mammography (Minamimoto et  al. 2015). 
Fusion combining 3D automated breast ultra-
sound and breast tomosynthesis is of special 
interest (Schaefgen et al. 2018). However, these 
new advanced techniques and modalities are 
still under development and should be consid-
ered as work in progress.

9  Screening for Women at 
Higher Risk

Risk factors for breast cancer include genetic 
mutations of BRCA1 and BRCA2, family or per-
sonal history of breast cancer, young age at men-
arche, older age at menopause, no pregnancy or 
first pregnancy after age 30, dense breasts, oral 
contraceptives, hormone replacement therapy, 
previous radiation therapy, obesity, physical inac-
tivity, increased consumption of alcohol, and 
high age (McPherson et  al. 2000). Women at 
average risk for breast cancer (<15% lifetime 
risk) are in general invited to regular mammo-
graphic screening.

Breast density as an independent risk factor 
for breast cancer has been much discussed. The 
relative risk associated with dense breasts is 
about 3 for breasts that are 50–74% dense and 
about 4.5 for breasts that are 75% or more dense 
(Freer 2015). The increased breast cancer rates in 
women with dense breasts are attributable to 
increased relative risk as well as to the masking 
effect of dense tissue. Breast density remains an 
independent risk factor, although the relative risk 
of breast density is much smaller than that of 
other risk factors for breast cancer.

Supplemental screening in women with inter-
mediate risk (15–20% lifetime risk) has been 
controversial, and this issue has been a “gray 
zone” regardless of breast density. Some coun-

tries have considered supplemental US or MRI 
screening to be appropriate, whereas other coun-
tries do not offer any adjunct screening for this 
group.

Women with high risk (lifetime risk >20%) 
for breast cancer are in general invited at an ear-
lier age to annual, instead of biannual, screening. 
Due to higher risk and denser breast at younger 
age, these women (especially BRCA1 and 
BRCA2 mutation carriers) need to be offered 
supplemental screening, in general MRI.  Some 
screening programs for high-risk women offer 
annual MRI, other programs include mammogra-
phy plus MRI, and some programs include ultra-
sound between the annual MRI examinations. A 
large retrospective study of high-risk women 
undergoing both MRI and mammography (Sung 
et al. 2016) showed that invasive cancer is more 
likely to be detected with MRI, and most cancers 
detected with mammography were DCIS. There 
is for the time being no international consensus 
regarding guidelines for screening of high-risk 
women.

10  Adverse Effects 
of Mammography Screening

Adverse effects of mammographic screening 
include discomfort of the examination, radiation 
exposure, false-positive interpretations, false- 
negative results with interval cancers, and overdi-
agnosis with overtreatment.

10.1  Radiation Exposure

The radiation dose of mammographic examina-
tions has decreased since the introduction of digi-
tal mammography (FFDM). Estimating the risk 
of radiation-induced cancer is a difficult topic, 
since this type of cancer is impossible to differen-
tiate from spontaneously occurring malignancies. 
The potential harm of the small amount of radia-
tion given in diagnostic imaging is based on the 
follow-up of individuals receiving much larger 
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amount of radiation (nuclear bombs, radiation 
therapy), extrapolated to low doses by a no- 
threshold dose-response model. There is an 
ongoing discussion on whether the linear no- 
threshold can be applied to the low doses used in 
mammographic screening, and whether these 
doses have any potential at all to induce a cancer, 
especially in older women (Hendrick 2010). 
Based on the current knowledge, the risk of 
radiation- induced breast cancer due to 
 mammographic screening of adult women is 
minimal (Kopans 2011; Hauge et al. 2014).

10.2  False Positives

A false-positive examination is when a woman is 
recalled from mammographic screening to fur-
ther imaging and/or invasive diagnostic workup 
of a lesion that turns out to be benign. A review 
by L. E. Pace and N. L. Keating (2014) assessed 
the 10-year cumulative risk of at least one false- 
positive finding in 40- and 50-year-old women 
undergoing annual screening to around 61%, and 
that 7.0–9.8% of women had taken biopsy with 
benign result after 10 years of annual screening. 
In European population-based screening pro-
grams, with much lower recall rates than in the 
USA, the cumulative risk for a false-positive 
recall during a screening period of two decades 
has been estimated to be about 21%, and the 
cumulative risk of undergoing fine needle aspira-
tion cytology and core needle biopsy with benign 
diagnosis is estimated to be 3.9% and 1.5%, 
respectively (Hofvind et al. 2004). The psycho-
logical effects associated with recalls and workup 
of a false-positive finding might be substantial 
for some women, but in general the recalls are 
associated with transiently increased anxiety, and 
after some weeks women are almost unanimously 
satisfied with their participation and would par-
ticipate again (Schou Bredal et  al. 2013). Most 
women prefer the inconvenience and anxiety 
associated with a higher recall rate if it results in 
the possibility of detecting breast cancer earlier 
(Ganott et al. 2006).

10.3  False Negatives and Interval 
Cancer

A false-negative examination is when a breast 
cancer is present but not diagnosed at screening 
interpretation. Retrospective review of previous 
screening examinations has shown that about 
50% of interval cancers are visible on the previ-
ous mammograms, either representing “screen-
ing error” (“missed cancer”) or the so-called 
minimal sign lesion (Van Dijck et  al. 1993; 
Broeders et al. 2003). The reason for missing a 
cancer might be perception (detection) error or 
characterization (analysis) error. Explanation for 
overlooking a breast cancer at screening includes 
inexperienced reader, incomplete search of the 
images, heavy workload, distractions, or pres-
ence of very subtle small lesions. Very fine, small 
microcalcifications in women with dense breast 
parenchyma might represent a perception prob-
lem. Architectural distortion and non-spiculated, 
high-density masses on the mammograms prior 
to diagnosis are associated with potential benefit 
from an earlier diagnosis (Broeders et al. 2003). 
Subtle signs of such small cancers should there-
fore warrant extra attention at screening interpre-
tation. We have to keep in mind the large 
variations in screening sensitivity and perfor-
mance between countries (Tornberg et al. 2010).

Women between 40 and 50 years have a higher 
risk of developing rapid-growing cancer. The risk 
of interval cancer increases by time after the 
index screening examination, and about 70% of 
the interval cancers are diagnosed in the second 
year of the interval (Hofvind et al. 2006). In order 
to reduce the number of interval cancers, both the 
American Cancer Society and the American 
College of Radiology recommend annual screen-
ing for all women starting from 40 or 45 years. 
Shortening of the screening interval will reduce 
interval cancer, but will also increase the adverse 
effects of screening. The optimal length of 
screening intervals will depend on individual fac-
tors, but today most European population-based 
programs recommend biannual screening in 
order to achieve the best balance between cost 
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and benefit. In the USA the interval is generally 1 
year. The ongoing discussion on “personalized” 
screening will probably cause modifications of 
the intervals in Europe.

10.4  Overdiagnosis

Overdiagnosis (or overdetection) is usually 
defined as the diagnosis of a breast cancer as a 
result of screening that would neither have been 
diagnosed nor become symptomatic in a 
 woman’s lifetime in the absence of screening. 
The issue of overdiagnosis has been a topic of 
much interest and controversy. Overdiagnosis is 
an epidemiological concept, and it is not possi-
ble by histopathological examination to deter-
mine whether a screening-detected cancer has 
been overdiagnosed. Especially low-grade 
DCIS and small low-grade invasive cancers are 
considered to represent potential overdiagnosis 
in older women.

Implementation of advanced imaging tech-
niques in breast cancer screening has the poten-
tial for overdiagnosis. The diagnosis of a breast 
cancer is brought forward in time by screening 
(“lead-time bias”). The time period during which 
a cancer is in the preclinical detectable phase and 
might be detected at screening (“sojourn time”) 
varies considerably among malignant tumors. 
Detecting cancers earlier means that more can-
cers are diagnosed after implementation of a 
screening program. Mammography screening 
detects more slower growing cancers (“length- 
time bias”) but may miss the faster growing 
tumors. Thus, mammography screening may 
detect slow-growing cancers that might never 
manifest clinically in a woman’s lifetime, and 
overdiagnosis might be regarded as an extreme 
form of length-time bias.

The estimation of the amount of overdiagnosis 
is extremely difficult. Theoretically, at the end of 
a randomized screening trial, there should be a 
compensatory reduction of the incidence of can-
cer in the screened group, and comparison of the 
cumulative incidence in the screened and non- 
screened group should show a valid estimate of 
overdiagnosis (“cumulative incidence method”). 

There has, however, been a hot discussion 
whether to make adjustment and if then how to 
make adjustment for lead-time bias. Consequently, 
reports on overdiagnosis in mammography 
screening vary considerably among authors and 
methods applied, from less than 1% to more than 
50% (Paci et  al. 2004; Zahl et  al. 2004; Duffy 
et al. 2005; Zackrisson et al. 2006; Olsen et al. 
2006; Gøtzsche and Jørgensen 2013; Puliti et al. 
2012). One study on overdiagnosis in relation to 
the benefit of screening concluded that 8.8 
(Swedish cohort) and 5.7 (UK cohort) cases of 
breast cancer deaths were prevented per 1000 
women participating in the screening program 
over a period of 20 years, indicating that between 
2 and 2.5 lives are saved in the screening program 
for every overdiagnosed case (Duffy et al. 2010). 
An increasing percentage of overdiagnosis can be 
expected in the older population groups due to 
the shortened lifetime expectancy (Van Ravesteyn 
et al. 2015).

Overtreatment is occasionally confused with 
overdiagnosis. “There is no such thing as overdi-
agnosis: there is only correct, partially correct, or 
incorrect diagnosis. If abnormal findings are 
diagnosed correctly, there is only optimally man-
aged, suboptimally managed, mismanaged, and 
possibly overtreated disease” (Gur and Sumkin 
2013). And “Because the greatest harm of overdi-
agnosis is overtreatment, the key goal should not 
be less diagnosis but better treatment decision 
tools” (Morris et al. 2015).

11  The Future of Breast Cancer 
Screening

Breast cancer screening with mammography is 
the most validated and effective screening pro-
gram worldwide, with a mortality reduction in 
the range of 15–45% (Smith 2003; Gabe et  al. 
2007; Olsen et  al. 2005; Gotzsche and Nielsen 
2011). Early detection of localized disease 
enables more gentle treatment and a better long- 
term prognosis. Nevertheless, for the time being 
there is a “never-ending debate” on the adverse 
effects of screening in which opponents of mam-
mography screening are focusing more on 
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adverse effects including overdiagnosis instead 
of the mortality benefit of screening.

Development of new advanced imaging tech-
nologies has shown that the quality of breast can-
cer screening programs may be improved. A 
main topic in the next years would probably be 
the challenge of moving from “one-size-fits-all” 
mammography to personalized screening based 
on individual risk factors including breast paren-
chyma density. Optimizing benefits-to-harms 
trade-offs will therefore be of much importance 
in the next years regardless of which imaging 
modality is applied.

An interesting theoretical question is how 
long we will still have imaging tests for breast 
cancer screening, and when imaging will be 
replaced by blood samples. Some years ago, a 
blood test based on gene expression profiling of 
peripheral blood cells for early detection of breast 
cancers showed an accuracy (measured by AUC, 
area under the ROC curve) which was compara-
ble to mammography (Aaroe et al. 2010). A pub-
lication in Science on detection and localization 
of surgically resectable cancers with a multi- 
analyte blood test received much public attention 
(Cohen et al. 2018). Blood tests for breast cancer 
screening require not only a high sensitivity, but 
even more importantly a very high specificity. It 
will probably take several years for blood test 
(liquid biopsy) to replace imaging for breast can-
cer screening.
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Abstract

The use of screening mammography in 
asymptomatic women has increased the num-
ber of non-palpable suspicious breast abnor-
malities, which require histologic evaluation 
to define whether they are benign or malignant. 
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In the last decade, the introduction of digital 
breast tomosynthesis (DBT), a pseudo- three- 
dimensional mammographic application, has 
increased the diagnostic accuracy of digital 
mammography through the detection of 
abnormal findings that are seen only at DBT 
and which need to be assessed (Houssami 
et  al., Breast 26:119–134, https://doi.
org/10.1016/j.breast.2016.01.007, 2016).

Women with suspicious breast lesions 
identified on mammography or DBT are indi-
cated for biopsy to obtain definitive tissue 
diagnosis. In these cases, needle biopsy should 
be the first option to avoid diagnostic surgical 
biopsies. A minimally invasive procedure 
offers better options compared to surgical 
biopsy: firstly, it reduces the physical and psy-
chological stress of the patient, and secondly, 
it overcomes the problem of scarring after a 
surgical biopsy, which may impair future 
imaging (Yu et  al., Breast Cancer Res Treat 
120(2):469–479. https://doi.org/10.1007/
s10549- 010- 0750- 1, 2010). Consequently, 
open surgical biopsy is now obsolete for most 
indications.

Since it is well accepted, quick, readily 
accessible, and less costly, ultrasound-guided 
biopsy should be done for all lesions visible at 
ultrasound. Any lesions visualized at mam-
mography (MX) or DBT but sonographically 
occult may instead undergo stereotactic 
biopsy, which should be guided by MX or 
DBT (Huang et  al., Tech Vasc Interv Radiol 
17(1):32–39. https://doi.org/10.1053/j.
tvir.2013.12.006, 2014).

1  Indications for Stereotactic 
Breast Biopsy

Most of the abnormal mammographic findings, 
which undergo stereotactic biopsy, are calcifica-
tions and, less commonly, masses, asymmetries, 
and architectural distortions (Fig. 1). While there 
is no definitive consensus in the recent literature 
regarding detection and characterization of 
microcalcifications with DBT (Byun et al. 2017), 

it has been shown that DBT improves the visual-
ization of masses and architectural distortions not 
visible with other breast imaging modalities (e.g., 
mammography and/or ultrasound).

Breast abnormalities, detected on screening 
mammography or DBT, should be assessed prior 
to needle biopsy through clinical evaluation and 
additional mammographic or sonographic imag-
ing to determine the degree of suspicion for 
malignancy. The assessment of the suspicious 
lesions detected only by DBT should include 
additional tomosynthesis views; in particular, 
tomosynthesis spot compressions can be helpful 
for radiologists in assigning the correct degree of 
suspicion for malignancy (Houssami et al. 2016) 
(Fig. 2).

The final assessment category depends on the 
different lexicons adopted by each individual 
center: the most widely used reporting system of 
mammographic examination is the Breast 
Imaging Reporting and Data System (BI-RADS) 
atlas of the American College of Radiology 
(ACR) (D’Orsi et  al. 2013). According to the 
BI-RADS classification, lesions at mammogra-
phy classified as category 4 (suspicious) or cate-
gory 5 (highly suggestive of malignancy) require 
biopsy.

A second breast imaging classification is the 
one adopted in the UK by the Royal College of 
Radiologists Breast Group (RCRBG). In con-
trast to the American classification, the classifi-
cation used in the UK indicates a need for 
biopsy not only for category 4 and 5 lesions but 
also for category 3 lesions (indeterminate/prob-
ably benign): this is because the standard UK 
RCRBG Score 3 has in terms of percentage a 
comparable cancer likelihood with BI-RADS 
4a/b (Maxwell et al. 2009).

The Australian National Breast Cancer Centre 
(NBCC), in collaboration with the Royal 
Australian and New Zealand College of 
Radiologists, has developed a similar five-point 
system. This classification system also advocates 
needle biopsy for equivocal or probable benign 
(BI-RADS 3) findings to achieve a definitive 
diagnosis rather than recommending a short-term 
follow-up (The National Breast Cancer Centre 
(NBCC) 2007).
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a

d

b c

Fig. 1 Examples of breast abnormalities identified on 
standard mammography that should be referred for stereo-
tactic guided biopsy. According to ACR BI-RADS® atlas: 
(a) grouped fine pleomorphic calcifications (stars) in 
extremely dense breast; (b) a small irregular mass with 
indistinct margins (arrow) completely surrounded by fatty 

tissue; (c) an architectural distortion manifested by thin 
radiating lines with primarily fatty tissue at the point of 
origin (arrow) located in the upper quadrants of a hetero-
geneously dense breast; (d) focal asymmetric dense tissue 
(arrow) in the upper quadrants of the left breast

a b c d

Fig. 2 (a) Example of mammographically occult archi-
tectural distortion with no definite mass, detectable by 
digital breast tomosynthesis. (b) The DBT spot compres-
sion view magnifies the central radiolucency at the point 
of origin with long and thin radiating spiculations (histol-
ogy final exam: radial scar). (c) Example of a small spicu-

lated mass identified by tomosynthesis. (d) The better 
tissue separation due to DBT spot compression results in 
a clear visualization of the lesion borders; their irregular 
appearance indicates sufficient suspicion of malignancy 
to justify a DBT-guided biopsy (histology final exam: 
IDC, low grade)
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The effectiveness of the latter two classifica-
tion systems demonstrated that also lesions classi-
fied as category 3 (probably benign) by the ACR 
BI-RADS classification might have indication for 
biopsy depending on the clinical suspicion, per-
sonal risk and patient or physician preference.

After the necessary evaluations, according to 
the judgment of the radiologist, mammographi-
cally identified lesions should undergo stereotac-
tic biopsy; for lesions only or better visualized by 
DBT, tomosynthesis guidance is indicated.

2  Stereotactic Biopsy Systems

The first mammographically guided stereotactic 
biopsy was developed in Sweden in the late 
1970s as a necessary alternative to follow-up or 
surgical biopsy. Fine needle aspiration cytology 
on non-palpable suspicious breast abnormalities 
was first performed using devices such as the one 
shown in Fig. 3. Using this equipment, Bolmgren 
et  al. reported, for the first 21 cases with com-
plete follow-up, strong diagnostic accuracy of the 
sampling procedures with a complete agreement 
between cytology and final histology (Bolmgren 
et al. 1977). The prone biopsy system in a short 
time became a reliable and safe method for tissue 
sampling, widely reducing indications for surgi-
cal excision and histological verification.

Over time upright devices added onto the 
mammography units have joined this biopsy 
guidance system; upright devices, which allow 
the execution of biopsies with patients standing 
or sitting, have been increasingly used after the 
introduction of digital imaging. Digital mam-
mography has improved the accuracy and effi-
ciency of the procedures, in both prone and 
upright positions, shortening—compared to 
screen-film mammography—the total time nec-
essary for biopsy through the reduction of the 
interval between taking and viewing the check 
image pair during needle positioning. The acqui-
sition of digital image pairs also allowed micro-
calcifications to be visualized and targeted more 
accurately by image post-processing facilities, 
including black-white inversion, contrast adjust-
ment, and selective magnification. The advantage 

of shorter procedure times has been greater for 
upright stereotactic biopsies; however, the risk of 
having to stop the procedure for vasovagal reac-
tions is higher in standing or sitting patients than 
in patients lying on a prone biopsy table.

After the introduction of DBT in breast imag-
ing, new suspicious findings with no definitive 
mammographic or sonographic correlation have 
been identified; these suspicious lesions, repre-
sented in part by small cancers, and in part by 
benign lesions such as radial scars or stromal 
fibrosis (i.e., false-positive findings), needed to 
be biopsied to define their histology. To over-
come this important limitation, dedicated guid-
ance systems have been developed and installed 
as biopsy devices added onto DBT units. These 
devices can be used for both tomosynthesis- 
guided biopsies and “conventional” stereotactic 
biopsies; using in fact the DBT unit in stereotac-
tic modality, the movement of the tomosynthesis 
arm is used to generate the pair of angulated ste-
reotactic images.

For a significant period of time these add-on 
systems allowed biopsies with a DBT guide on 
patients sitting upright or recumbent, but not in 
prone position. Recently, a prone table with an 
integrated tomosynthesis detection system has 
been developed and is now in use.

2.1  Prone Biopsy Tables

The prone table system for interventions is a 
mammographic X-ray system especially designed 
for stereotactic localization of suspicious breast 
lesions.

During a prone stereotactic biopsy, the patient 
lies facedown (prone) on the table and the breast 
falls through a hole in the table. As shown in 
Fig.  4, using the prone table, several different 
approaches to biopsy are possible. The choice of 
the best biopsy approach depends partly on the 
skin-to-lesion distance and partly on other fac-
tors, such as the thickness of the breast. To guar-
antee accurate sampling of the lesions located 
inside the breast, there are two possible options 
for needle insertion: a vertical insertion (through 
the breast compression paddle, with the needle 
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Fig. 3 The equipment used by Bolmgren and colleagues 
seen from above and from the side. In this prone-type 
table, the X-ray tube was angled to produce two views of 
the target lesion, typically at ±15° from the central axis. 
After the acquisition of a scout view (a), the position of 

the lesion in the breast was calculated from the movement 
relative to a fixed reference grid (b, c); the needle was 
placed within the lesion with direct confirmation of its 
position relative to the target abnormality on repeated pair 
of angulated X-ray views (d)

a b

Fig. 4 (a) Example of prone biopsy table. (b) The posi-
tioning of the patient depends on the affected breast and 
the location of the lesion inside the breast. According to 
the degree of rotation both of the gantry and of the X-ray 

tube, various approaches are used for stereotactic or 
tomosynthesis- guided biopsies: cranial to caudal, medial 
to lateral, lateral to medial, or caudal to cranial
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perpendicular to the mammography detector 
plate) and a lateral insertion (with the needle par-
allel to the compression paddle and mammogra-
phy detector plate) (Fig. 5). As most of the prone 
units on the market only offer one option, biop-
sies are most commonly performed using the ver-
tical approach. Doing DBT-guided biopsies, this 
approach will be burdened with wide artifacts in 
the tomo views acquired after needle insertion. 
For this reason the lateral approach is recom-
mended for DBT-guided biopsies; if this is not 
possible after needle insertion, all additional 
views should be acquired by conventional 
mammography.

On average, a prone biopsy procedure takes 
about 20–45 min (Schrading et al. 2015; O’Flynn 
et al. 2010; Ohsumi et al. 2014), during which the 
woman should stay still and relaxed.

Compared to sitting, the prone position is usu-
ally better tolerated by the patient, who cannot 
see the biopsy needle, thus causing less anxiety 
(Tagliafico et al. 2015); in this position, there is 
less patient motion to interfere with accurate tar-
geting. In addition, the radiologist and the tech-
nologist, working under the table, have more 
room to maneuver.

Although prone tables are effective, there are 
some limitations. One is the difficulty in lifting 
patients onto the table when they are unable to do 
so themselves. There are limitations in over-
weight patients, as prone tables have a patient 

weight limit between 136 and 158 kg; excess can 
lead to mechanical failure (Huang et  al. 2014). 
Prone tables can only be used for biopsy, not for 
standard mammography; they require more space 
than standard mammography units, are more 
costly, and, sometimes, are underutilized due to 
low patient frequency.

2.2  Add-On Biopsy Units

Add-on biopsy devices are attached to the exist-
ing mammography or DBT units, converting 
them into a biopsy system (Fig.  6). During the 
procedure, the patient is generally sitting upright. 
However, using a “non-dedicated” bed or special 
reclining chair, the patient may lie in a lateral 
decubitus position: in this position, vasovagal 
reactions are greatly reduced compared to the sit-
ting position (Sim and Kei 2008).

As with prone biopsies, several different 
approaches are also possible when using the add-
 on systems, including the use of the vertical—or 
lateral—needle insertion (Fig. 7).

It has been reported that stereotactic proce-
dures using add-on systems take between 20 and 
45 min (O’Flynn et al. 2010; Ohsumi et al. 2014); 
for biopsies performed using DBT guidance 
Schrading et al. reported reasonable reduction of 
the procedure time, on average 13 min per biopsy 
(Schrading et al. 2015).

a b

Fig. 5 (a) Vertical needle insertion using a prone-type 
device: the needle is inserted from above the breast com-
pression paddle and perpendicular to the mammography 
detector plate. (b) Lateral needle insertion using a prone- 

type device: the needle is parallel both to the compression 
paddle and the mammography detector plate reducing any 
limitations due to breast size
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Fig. 6 An add-on biopsy device is installed onto a mammography unit, converting it to a biopsy system

a b

c d

Fig. 7 Examples of biopsy approaches using an add-on 
system in combination with a reclining chair which allows 
the patient to stay in two different positions: sitting posi-

tion, with lateral to medial (a) or cranial to caudal needle 
insertion (b); lying position and the needle inserted using 
a lateral to medial (c) or a caudal to cranial direction (d)
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The upright biopsy technique is space- 
effective eliminating the need for a dedicated 
room or equipment for biopsy purposes only. 
Therefore, compared to prone systems, add-on 
biopsy units are also less costly, thereby equally 
accurate and safe for patients who usually toler-
ate it well. Still, the risk of vasovagal reactions, 
such as malaise, nausea, vomiting, and even 
fainting, may be increased when sampling is per-
formed in the sitting position with the biopsy 
needle right in front of the patient’s face. 
Concerning this risk, it is noteworthy that, while 
the first studies published on upright biopsies 
reported a high incidence of vasovagal reactions 
(with complication rates ranging between 20% 
and 37%) (Welle and Clark 1997; Welle et  al. 
2000), such reactions have been considerably 
reduced over time reaching the value of 7% pub-
lished by Ohsumi et al. (2014). Furthermore, the 
experience of both the physician and the tech-
nologist involved in this kind of procedure plays 
a crucial role in minimizing the risk of suspend-
ing the procedure due to the effects of vasovagal 
reactions.

Another problem that may arise during upright 
procedures is patient motion, which can interfere 
with accurate targeting; using pillows to stabilize 
the patient can easily minimize this limitation.

3  Pre-biopsy Evaluations

Before proceeding with stereotactic guided 
biopsy, accurate evaluation has to be done. First 
the technical feasibility of the biopsy considering 
the lesion position has to be evaluated, and then 
according to the lesion pattern (e.g., microcalcifi-
cations rather than distortions or masses), the 
appropriate needle is selected. Finally, the best 
needle approach is determined.

3.1  Lesion Evaluation

The success of the biopsy procedure depends in 
part on lesion depth and location. Lesions located 
close to the chest wall cannot be biopsied using 
stereotactic guidance because they are difficult to 

access, both in prone and upright modes; these 
lesions should therefore be sent directly to sur-
gery. Furthermore, lesions detected in very small 
breasts are also difficult to access; indeed, when 
the thickness of the compressed breast is less 
than 1 cm, both the vertical and the lateral inser-
tion of the needle (see Sect. 3.1) is limited, and 
surgical biopsy should be performed. However, 
in case of very large breasts, considering target 
lesion position, needles of sufficient length are 
required.

In case of superficial calcifications, dermal 
calcifications have to be ruled in or out by placing 
a small metallic marker on the very skin site 
before starting the stereotactic localization.

3.2  Needle Choice

Fine needle aspiration cytology (FNAC), the 
original method of sampling, has been used for 
diagnosis since the 1950s. Then, since the early 
1990s, due to the increasing number of women 
undergoing assessment for non-palpable lesions 
detected by mammographic screening, there has 
been a steady shift towards percutaneous biopsy 
techniques. FNAC was followed first by core 
needle biopsy (CNB), and then by vacuum- 
assisted biopsy (VAB). Both biopsy techniques 
have become widely practiced because of their 
proven high accuracy. The choice of the appro-
priate needle depends on several factors among 
which diagnostic accuracy is the most 
important.

3.2.1  Fine Needle Aspiration 
Cytology (FNAC)

Even though FNAC is the most basic and inex-
pensive form of sampling, this method is no lon-
ger recommended as routine technique for breast 
diagnosis because of certain important 
limitations.

The major limitation is in the sampling of 
cells and not of breast tissue. Consequently, 
FNAC is unable to diagnose some benign lesions 
and to distinguish definitive borderline breast 
lesions from malignant lesions. For example, pre-
neoplastic lesions such as atypical ductal 
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hyperplasia or in situ changes cannot be confi-
dently diagnosed with FNAC, and the distinction 
between in situ and invasive malignancy is diffi-
cult if not impossible. Another limitation of the 
method is its highly variable range of sensitivity 
and diagnostic accuracy with a rate of inadequate 
samples between 8.5% and 46%. This is particu-
larly noticeable in stereotactic guided samplings 
with a reported value at an unacceptable 39.9% 
(O’Flynn et al. 2010). For this reason, the poten-
tial diagnostic role of FNAC in the assessment of 
non-palpable breast abnormalities was markedly 
reduced.

3.2.2  Core Needle Biopsy (CNB)
Core needle biopsy, which is performed by using 
biopsy needle systems such as those shown in 
Fig.  8, has the advantages of higher sensitivity 
and specificity, higher negative and positive pre-
dictive values, and lower underestimation and re- 
biopsy rates compared to FNAC.  However, 

false-negative results and/or underestimation of 
the presence of disease are reported; this occurs 
most commonly with lesions such as microcalci-
fication or possible complex sclerosing lesions 
requiring stereotactic guidance (Wang et  al. 
2017).

The most common cause of false-negative 
results is inaccurate tissue sampling. This 
depends in part on repeated needle insertions and 
removals for obtaining breast specimens and is 
particularly important for stereotactic biopsy of 
lesions, such as microcalcifications rather than 
distortions, whose samples are frequently com-
posed of blood because of the destruction of the 
breast architecture and focal hemorrhages.

A further limitation of stereotactic guided 
CNB samples is that, because of the smaller nee-
dle size (14 G), samples fail to provide a com-
plete characterization of histological findings, 
thus frequently leading to an underestimation of 
disease. Reported underestimation rates for 

Fig. 8 Example of core biopsy needle systems available 
from many different vendors. On the left, four non- 
disposable models and on the right, four disposable mod-
els. For each of these models a variety of needle lengths 
and gauges are available. Most of these systems are auto-
mated biopsy systems and all of them work on the same 
basic two-phase firing mechanism: once fired, the core 
biopsy needle automatically advances through the breast 
parenchyma and the inner notched sheath advances for-
ward. Almost immediately, a sharp outer cannula advances 

over the inner sheath, trapping a piece of tissue within the 
notch. The two systems on the top right are semiauto-
mated cutting needles; using these kind of systems, the 
needle is manually inserted into the lesion; then the outer 
sheath is fired and a piece of tissue is trapped within the 
notch. Using core biopsy, the sampling needs repeated 
needle passes; for stereotactic or DBT-guided biopsies, 
using an introducer, radiologists can precisely obtain con-
tiguous tissue specimens and reduce the procedure time
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high- risk lesions range from 3.4% to 100%; in 
particular, atypical ductal hyperplasia (ADH) is 
frequently upgraded to ductal carcinoma in situ 
(DCIS) or invasive carcinoma in 56% of cases, 
after open surgery. Furthermore, when DCIS is 
diagnosed with core needle biopsy, the risk of 
upgrading to invasive cancer ranges between 
16% and 55.5%. Underestimation by core needle 
biopsy has also been reported in radial scars, pap-
illary lesions, lobular carcinoma in situ (LCIS), 
and phyllodes tumor (Sanderink and Mann 2017).

There has been much debate on the number of 
specimens necessary to achieve a reliable histo-
logical diagnosis, concluding that, for stereotac-
tic CNB, diagnostic sensitivity is improved by 
increasing the number of cores to six or more 
(O’Flynn et al. 2010).

In daily practice usually 14  G needles are 
used. However, it has been shown that diagnostic 
accuracy improves significantly by increasing 
both needle size and number of specimens deliv-
ered to the pathologist.

3.2.3  Vacuum-Assisted Biopsy (VAB)
VAB was developed to overcome the limitations 
of CNB.  In particular, VAB has proven to be 
advantageous compared to CNB as more tissue 
volume is obtained and therefore histological 
classification is more reliable (Preibsch et  al. 
2014). VAB has therefore replaced large core 
needle biopsy at several indications, becoming 
the method of choice to assess suspicious lesions 
without a relevant solid component (e.g., micro-
calcifications and distortions) using stereotactic 
guidance (Pfarl et al. 2002).

Currently several devices are available, each 
with their own minor technical differences. A 
double-lumen probe, powered by suction, and 
a rotating cutter characterize them all. Using 
the vacuum, multiple samples can be taken 
after a single insertion of the probe, as shown 
in greater detail in Fig. 9. At the end of the pro-
cedure, a metallic or gel-localizing clip can be 
placed through the VAB needle to mark the 
biopsy site. This is particularly useful for small 
lesions and microcalcification clusters that 
have been completely removed by percutane-
ous biopsy. If localization of the lesion is 

required for surgical excision, the marker can 
be visualized using ultrasound or mammogra-
phy. In addition, the clip allows identification 
of the biopsy site on subsequent mammograms 
(O’Flynn et al. 2010).

Relative to core needle biopsy, VAB provides 
larger specimens, offers a higher sample retrieval 
rate, is less sensitive to targeting errors, and has 
lower re-biopsy and underestimation rates. In a 
systematic review, Yu et al. found that sensitivity 
of VAB ranged from 85% to 100%, and specific-
ity from 96% to 100%. Underestimation rates, 
however, remain substantial with a pooled ADH 
and DCIS underestimation of 20.9% and 11.2%, 
respectively (Yu et al. 2010).

Because the purpose of VAB is to provide 
larger specimens than CNB, needles’ diameters 
have increased over the years, and currently sys-
tems from 12 to 7 G are available. A comparison 
of 11 and 8 G needles at stereotactic core biopsy 
showed both better performance and increased 
accuracy for histologic diagnosis of 8 G versus 
11 G needles (Venkataraman et al. 2012). Another 
advantage of increasing the needle caliber might 
be the shorter interventional time, as fewer speci-
mens need to be obtained with larger needle 
sizes. From this perspective, the use of 7 G nee-
dles will most likely further decrease interven-
tion time and achieve the same or an even higher 
diagnostic accuracy compared to smaller needle 
sizes (Preibsch et al. 2014).

Recently published national and international 
guidelines and results of consensus meetings pro-
vide different recommendations on the required 
number of tissue specimens, depending on the 
needle size and imaging method. Most of the 
 recommendations, which refer to the 11 G nee-
dle, suggest taking 12 cores on a routine 360° 
rotation (Lomoschitz et  al. 2004; Rageth et  al. 
2016).

During the procedure, any significant bleeding 
may be managed using vacuum to suck blood out 
of the biopsy cavity throughout the procedure, 
thereby reducing the chance of hematoma forma-
tion. As with other sampling methods, a learning 
curve is associated with performing VAB, and 
any operator needs to perform a certain number 
per year to maintain the competence.
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a b

c d

e

Fig. 9 Vacuum-assisted biopsy: after the positioning of 
the double-lumen needle-probe tissue at the target lesion 
site (a), tissue is sucked into the biopsy chamber (b) 
where it is separated from the surrounding breast tissue by 
an internal rotating trocar (c, d); the specimen is then 

transported to the site of collection without removing the 
needle from the biopsy site (e). By rotating the shaft of the 
needle, multiple samples can be taken after a single inser-
tion of the probe

In practice, VAB, because of its safety, cost 
and efficacy, minimal complications, and high 
toleration from patients, is becoming even more 
widespread and represents, in most cases, a valu-
able alternative to open surgery.

3.3  Patient Care

A biopsy procedure can be emotionally distress-
ing, not only because of the possibility of a sub-
sequent cancer diagnosis, but also because the 
biopsy itself might potentially be painful; it is 
therefore highly recommended that the physician 
who performs the procedure has a preliminary 
meeting with the patient to provide all the neces-
sary medical information. This should also 
include a description of the procedure and its 
associated risks (e.g., vasovagal reactions, bleed-

ing, infection, adverse or allergic reaction to 
medications, latex, disinfectant solutions, and 
tape or adhesives). Patient-signed informed con-
sent for breast interventional procedures is 
required.

Before the biopsy procedure, the physician 
should interview the patient about her medical 
history (especially bleeding disorders), allergy 
history (especially previous adverse reactions to 
local anesthetics, epinephrine, latex, disinfectant 
solutions, and tape or adhesives), and medication 
list (paying special attention to antiplatelet and 
anticoagulation medications because of the risk 
of bleeding). Biopsies can be performed on 
patients taking antiplatelet or anticoagulant med-
ication with caution, and considering that the 
larger the needle and the higher the number of 
samples, the more the attention to be paid. 
Medicines such as aspirin, clopidogrel, and other 
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antiplatelet agents (e.g., ticagrelor, prasugrel) 
should not be discontinued (also in case of VAB 
procedures) but patients should be informed of 
the increased risk of bleeding, bruising, and 
hematoma formation. Conversely, dual- 
antiplatelet therapy (such as aspirin plus clopido-
grel, ticagrelor or prasugrel) needs to be 
discontinued 5  days before the procedure. For 
patients receiving anticoagulant agents, accord-
ing to the national or local recommendations, the 
therapy may be discontinued some day before 
with different indications depending on the drug: 
anticoagulant agents like warfarin should be 
stopped 5 days before biopsy, while newer anti-
coagulant agents (such as rivaroxaban, dabiga-
tran, apixaban, or edoxaban) may be discontinued 
2 days before. Heparin bridge therapy should be 
planned, considering that also low-molecular- 
weight heparin should be discontinued 12  h 
before treatment. If in doubt, consultation with a 
hematologist and/or cardiologist (as appropriate) 
is recommended (Kulkarni and O’Connor 2015).

Because the patient is expected to remain 
immobile for at least 20–45 min with the breast 
compressed during biopsy, the physician should 
consider any physical limitations, such as limited 
range of motion of the neck or back which could 
compromise the patient’s position. Taking into 
consideration these possible limitations as well 
as the patient’s susceptibility to vasovagal reac-
tions, the physician should choose the most 
appropriate approach to perform the biopsy (i.e., 
prone or, in case of an upright system, sitting ver-
sus decubitus position).

4  Biopsy Technique

4.1  Patient Positioning

Depending on whether the biopsy is carried out 
using a prone or an upright system, the patient 
rests in the prone position on the table or sits on 
the reclining chair, respectively. As previously 
reported, using an upright system, the woman can 
also lie in the lateral decubitus position, with the 
affected breast side up. For both systems, the cor-

rect target lesion approach mainly depends on the 
position of the lesion inside the breast. Because 
most of the biopsy systems currently on the mar-
ket offer a large degree of access, up to 360° 
when the X-ray tube can rotate around itself, sev-
eral different approaches are possible. The final 
choice should be made considering the shortest 
skin-to-lesion distance by ensuring that the nee-
dle does not go through the blood vessels.

4.2  Biopsy Preparations

After selection of the correct lesion approach, the 
breast is compressed between detector plate and 
compression paddle. The biopsy compression 
paddle has an open window allowing for access 
of the target lesion both during sampling and 
localization procedures.

The skin is then cleansed and disinfected 
with an aseptic solution and local anesthesia is 
given to obtain pain control during the proce-
dure. Usually 5–10  mL of buffered 1% lido-
caine is administered into the skin and 
subcutaneous tissue, with an additional 5  mL 
placed into deeper tissue when necessary. 
Because bupivacaine is longer acting, it can be 
used as an alternative to lidocaine especially 
when the latter does not work, but side effects, 
such as cardiotoxicity, should be considered. 
During stereotactic guided biopsy, adding epi-
nephrine can be helpful to induce deeper breast 
parenchyma anesthesia although this is not rec-
ommended for the potential risks of skin necro-
sis (Fine and Bloom 2009).

4.3  Lesion Targeting and Biopsy

As already reported for a long time, targeting of 
mammographically suspicious lesions has only 
been possible using stereotactic guidance which 
allows its precise location to be determined in 
three dimensions. With the introduction of DBT, 
stereotactic guidance has been joined by a new 
localization technique, using a geometric 
principle very similar to the one applied to the 
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stratigraphic technique. Today, both localization 
techniques provide correct lesion targeting, each 
with different indications depending on the type 
of lesion to be identified and biopsied.

4.3.1  Stereotactic Guided Biopsy
The image produced in any mammography pro-
jection, such as a craniocaudal (CC) or mediolat-
eral oblique (MLO) view, is a two-dimensional 
representation of three-dimensional space. It fol-
lows that a suspicious lesion visible in one or 
both the mammograms has a location that can be 
described in terms of three specific coordinates: 
the x (which corresponds to the horizontal axis), 
the y (that matches the vertical axis), and the z 
(coinciding with the depth from the skin surface). 
Among these coordinates, the z is determined by 
the thickness of the breast under compression; to 
calculate it a pair of angled images (15° from 
midline in both positive and negative directions) 
is acquired. After targeting the lesion on both the 
angled images, the computer determines its depth 
in the compressed breast, according to the prin-
ciple of triangulation by calculating the apparent 
shift of the target lesion on the stereotactic 
images, compared with the target location on a 
reference view acquired at 0°.

For this reason, during the stereotactic guided 
biopsy, after positioning the patient and breast, an 
initial scout image is obtained with the X-ray 
beam perpendicular to the compression plate (0° 
angulation). In this scout image, which is used as 
a reference providing localization of the lesion in 
the x- and y-axes, the lesion should be located 
and positioned in the center of the biopsy win-
dow. Keeping the lesion in the center of the 
biopsy window, especially along its x coordinate 
(horizontal axis), is paramount to prevent it from 
moving out of the field of vision in subsequent 
angled images (Carr et al. 2001).

After checking that the lesion is properly 
localized in the biopsy paddle window, a pair of 
images with 30° of separation between projec-
tions is obtained through the controlled move-
ment of the X-ray tube, as described above.

The pair of angled images is readily dis-
played on the console monitor; after identifying 

the target lesion on both views, it is marked on 
each of the images, thereby allowing the calcu-
lation of the coordinates. Once the computer 
coordinates have been determined the informa-
tion is transferred from the computer to the ste-
reotactic system, and the biopsy needle is 
moved into place.

When the biopsy needle is inserted into the 
calculated coordinates, another pair of stereotac-
tic images is obtained to document the needle 
position. Retargeting and repositioning may be 
performed, if necessary. In this case, it is gener-
ally not necessary to create another skin incision. 
When the new target has been selected and trans-
mitted to the equipment, the simple retraction of 
the needle until the tip is just beneath the skin is 
sufficient; the needle can then be moved to the 
newly targeted position. The repositioning may 
also be performed by adjusting the x-, y-, and 
z-axes of the needle position manually (Huang 
et al. 2014).

As shown in Fig.  10, using VAB needle 
devices, which represent the standard of care for 
stereotactic biopsy, a pair of stereotactic images 
is usually obtained to check the correct needle 
position just proximally to the target lesion. The 
needle is then manually inserted through the 
lesion rather than fired, so traversing it. Firing the 
needle through the lesion may be helpful for nee-
dle directional control in dense breast tissue: the 
amount of the needle advancement is chosen by 
the operator according to several factors: in pri-
mis the thickness of the compressed breast. A 
pair of angled views is then obtained to check the 
optimal final needle aperture position related to 
the target lesion. If accurate targeting is con-
firmed tissue sampling may be started, perform-
ing a turn of 360° around the needle axis in the 
lesion and taking at least 12 tissue sample cores. 
Sometimes, depending on the lesion size, 
 selective samplings may be sufficient and per-
formed mainly at the clock positions where the 
lesion is located, as identified on the postfire 
images.

At the end of the sampling biopsy, to check for 
adequate removal of the target lesion, post-biopsy 
angled images are obtained.
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a b c d

Fig. 10 Stereotactic guided vacuum-assisted biopsy: the 
position of the target lesion (in this case, grouped fine 
pleomorphic calcifications) within the biopsy window is 
checked by the acquisition of a digital scout mammogram 
(a). After inserting the biopsy needle, another pair of 

angulated views was obtained to document the needle 
position, respectively, in prefire (b) and postfire (c). The 
proper removal of adequate microcalcifications is docu-
mented by a radiography of the specimens (d)

When a second lesion needs to be biopsied, if 
it is included in the same biopsy window on both 
of the two angled views acquired for targeting the 
first lesion, the new mark can be directly placed 
on the second target lesion; otherwise, 
repositioning and new targeting will be required. 
After targeting, the new sampling can be started: 
the use of a new needle is mandatory to avoid the 
risk of tumor cell dissemination.

4.3.2  Digital Breast Tomosynthesis- 
Guided Biopsy

Using digital breast tomosynthesis (DBT) for 
guidance of non-palpable lesion biopsy, after the 
positioning of the patient and the breast compres-
sion, a DBT scout view is acquired. The recon-
structed images are then displayed on the console 
monitor and the lesion location is determined by 
scrolling through the DBT thin sections. Indeed, 
depth information is provided without triangula-
tion but only by placing a marker on the lesion in 
the appropriate DBT section. The selected sec-
tion coincides with the depth (z-axis location) of 
the lesion inside the compressed breast. After tar-
geting the lesion, the other coordinates (x and y) 
are easily determined and the information is sent 
to the biopsy unit.

The rest of the procedure is largely similar to 
the stereotactic one. As reported before (see Sect. 
3.1), performing DBT-guided biopsy with a verti-
cal approach, pre- and postfire control images 
should be obtained using standard mammogra-
phy, acquiring a pair of angled stereotactic views 
for each step.

To check for the adequate removal of the tar-
get lesion at the end of sampling, unlike the two 
angled images necessary in the stereotactic mode, 
in DBT mode a single post-biopsy DBT image is 
acquired (Fig. 11).

Despite being introduced only recently, DBT- 
guided biopsy has shown to be a feasible and accu-
rate method of obtaining a histologic sample of 
non-palpable breast abnormalities, offering sev-
eral advantages compared to the stereotactic one.

The first obvious advantage is that lesions 
detectable by DBT only can be biopsied 
(Schrading et al. 2015; Freer et al. 2015). A sec-
ond advantage is related to the possibility of 
localizing lesions without triangulation; this 
allows the one full detector size use for imaging, 
facilitating the identification of the target lesion 
and preventing the difficulties associated with the 
restricted imaging capabilities through the small 
biopsy window of conventional stereotactic 
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Fig. 11 Tomosynthesis-guided vacuum-assisted biopsy 
on a DBT-detected architectural distortion (arrow) (a): a 
DBT scout is firstly performed to reidentify the target 
lesion. The depth of the target lesions, which coincides 
with the z-axis, is determined by identifying the DBT sec-
tion that yields the sharpest depiction of the target (b). 
After indicating the position of the target with a cursor, 

the other coordinates are automatically determined by the 
biopsy software system. A pair of pre- and postfire angu-
lated views are then acquired to check the correct position 
of the needle (c). Finally a post-biopsy DBT image is 
acquired after releasing a marker clip to verify correct 
sampling (d)

systems. This is more significant for low-contrast 
lesions, such as noncalcified masses, architec-
tural distortions, or asymmetric densities that can 
require multiple repositioning when working in 
stereotactic mode (Schrading et al. 2015).

Another benefit of using DBT as a guidance 
for biopsy comes with the inherent larger field of 
view: using both upright systems add-on to DBT 
devices and prone tables with tomosynthesis 
capability, the mammographic abnormality may 
be localized on a full-field detector (18 × 24 cm) 
versus the typical 5 × 5 cm biopsy window in the 
compression plate used for traditional biopsy 
systems. The larger field of view and the use of 
compression plates with larger biopsy window 
allow for sampling of more than one lesion with-
out repositioning the patient even on lesions 
located at different depths, as long as they are 
placed inside the sampling window. As reported 
by Schrading et  al., these technical advantages 
result in a significant reduction of time required 
for biopsy, both in terms of biopsy planning and 
total procedure execution, thereby improving 
patient care (Schrading et al. 2015).

4.4  Technical Limitations 
and Potential Remedies

Stereotactic biopsy, using both mammographic 
and DBT guidance, is limited when lesions are 
located deep inside and/or adjacent to the chest 
wall as well as for those lesions that are superfi-
cially located close to the skin.

For the lesions that are very deep and close to 
the chest wall, proper patient positioning is key to 
technical success. Using the prone biopsy table, 
to enable full access to these lesions, the patient’s 
arm in addition to the targeted breast should be 
placed through the table aperture; this so-called 
arm-through-the-hole technique allows core 
biopsy or needle localization. Using this patient’s 
position, it is also possible to biopsy lesions 
located in the axillary regions, which are usually 
difficult to reach (Soo et al. 1998).

To facilitate reaching these lesions using an 
upright biopsy system, a recumbent position of 
the patient (lying on one side) is mandatory; the 
detector should also be positioned at an oblique 
angle, to allow the compression paddle to be 
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placed as close as possible up against the rib cage 
or sternum (O’Flynn et al. 2010).

For superficial lesions the greatest limitation 
is the difficulty in creating the vacuum in the 
probe, since the needle window comes out of the 
breast; as a result, the breast tissue cannot be 
sucked into and cut by the probe, which means 
the core sampling cannot be acquired. Moreover, 
during the sampling, the skin can be sucked and 
cut. To avoid these complications, the use of nee-
dles with a smaller biopsy aperture is recom-
mended. Some probes are also complemented 
with plastic aperture sleeves that partially cover 
the probe aperture and prevent inadvertent skin 
sampling.

A last solution (but rarely adopted) may be the 
expansion of the subcutaneous tissue with an 
additional injection of local anesthetic or sterile 
saline to push the lesion deeper and away from 
the skin.

Another limitation of stereotactic biopsy is 
very small or thin breasts. However, several 
studies have reported that a biopsy might be 
successfully performed by adopting some pre-
cautions. Among these, in order to increase 
thickness, a first special maneuver is to position 
the breast so that more breast tissue gathers cen-
trally and bulges through the biopsy rectangular 
aperture. If this is not sufficient, the use of the 
lateral approach (see Sect. 4.1), rather than the 
vertical one, is recommended; using this first 
approach, Myong et  al. reported that biopsies 
were successful in breasts less than 3 cm thick, 
with a significant difference compared to the 
vertical approach, for which the mean breast 
thickness was 4 cm (Myong et al. 2013). Other 
studies have also reported that the lateral 
approach could be performed on thinner breasts 
of up to 1  cm of minimal breast thickness 
(Nakamura et al. 2010). In such cases, it may be 
necessary to increase the distance between the 
bottom of the breast and the mammography 
detector plate by placing a transparent spacer 
(usually made of plexiglass).

Despite the possible limitations using dedi-
cated maneuvers and practical measures, most of 
the biopsies can be successfully performed, limit-
ing surgery biopsy to only very few lesions.

4.5  Specimen Core Management

Specimen radiography should be performed to 
check for the presence of representative micro-
calcifications when biopsied lesions are purely 
microcalcifications rather than masses or distor-
tions associated with calcifications. The samples 
are placed on a Petri dish or on a plexiglass plate 
and a magnification view is acquired using a 
mammography unit or other X-ray imaging sys-
tems, such as those specially designed for speci-
men imaging (see Fig.  10). The radiography of 
the specimens is done keeping the breast under 
the compression paddle, the needle inserted into 
the breast, and the biopsy system on standby, 
ready to perform additional samplings depending 
on the presence or absence of calcifications 
within the specimens.

The magnification view should be readily dis-
played on the console monitor, which must be of 
suitable quality. The time required for specimen 
radiographs should be as short as possible to 
ensure as much patient comfort as possible by 
limiting the time needed for the entire 
procedure.

To speed up biopsies, recently a new device, 
which allows for real-time imaging and instant 
verification of specimens, was introduced on the 
market: in contrast to the other biopsy devices, 
this one is equipped with an incorporated X-ray 
tube and a digital detector. During the sampling 
procedure, as every core is taken, it automatically 
travels through the biopsy needle and the plastic 
tube into a special cartridge. Once the sampling 
core arrives in the cartridge, it is X-rayed right 
away and the physician can quickly check the 
presence of microcalcifications, deciding whether 
to go further with the sampling or to stop.

The physician must ensure the presence of 
microcalcifications in at least three core speci-
mens with, ideally, five calcifications per core, by 
performing a complete turn of the biopsy needle 
and obtaining at least 12 tissue samples. In case 
of small clusters of microcalcifications, it is rec-
ommended that the physician check a minimum 
50% of the calcifications have been removed 
through a comparison between scout views, 
before and after the procedure (Wallis et  al. 
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2007). Small lesions (e.g., less than 1 cm in size) 
may be completely removed (Bick et al. 2020).

A separation of calcified and noncalcified 
specimens, which may facilitate more focused 
interpretation from pathologists, is recom-
mended: samples with calcifications and those 
without calcifications should be placed immedi-
ately into two separated formalin jars and sent to 
pathologists. Whenever possible, a radiological 
comment regarding the presence of representa-
tive microcalcification should be provided to the 
pathologist along with the specimen radiography 
image. In units using digital mammography, the 
pathologist must be able to view the core biopsy 
X-rays on a monitor of suitable quality.

For biopsy of noncalcified lesions, specimen 
radiographs are not required and samples, after 
being placed in a formalin fixative solution, may 
be sent directly to the laboratory.

5  Post-biopsy Measures

5.1  Clip Positioning

Once the specimen retrieval is completed, a local-
izing post-biopsy marker clip is placed at the 
biopsy site, which is then delivered into the 
biopsy cavity—depending on the biopsy system 
used—through the biopsy probe or the probe 
sheath. The first clips on the market, which were 
developed only for mammographic use, were all 
based on the basic design of a 2–3 mm metallic 
marker that was mainly either titanium or stain-
less steel. Over time, manufacturers have devel-
oped clip markers visible by ultrasound; these 
markers contain, in addition to the metallic radi-
opaque steel clip, an embedding material consist-
ing of the collagen of bovine origin, polylactic 
acid, polyglycolic acid or starch pellets, and 
hydrogel. The embedding material offers some 
advantages: it fills the biopsy cavity, decreasing 
the risk of clip displacement and providing hemo-
static effect through a direct pressure against the 
biopsy cavity walls. In addition, collagen acti-
vates the coagulation cascade and promotes 
platelet adhesion, aggregation, and activation, 
furthering hemostasis. One of the benefits in 

using these kinds of markers is that, in the weeks 
following deployment, most embedding sub-
stances are easily identified by ultrasound allow-
ing ultrasound-guided localization up to 
6–8  weeks after the procedure (Thomassin- 
Naggara et al. 2012).

The marker clip positioning is helpful in vari-
ous situations. For example, it facilitates accurate 
wire localization to guide excision in case of sur-
gery. Moreover, when the mammographic moni-
toring of the biopsied area is sufficient, the clip 
placement facilitates future follow-up especially 
when most, if not all, of the target lesion has been 
removed by the biopsy procedure. It follows that 
the localization clip should be placed as close as 
possible to the biopsy site.

5.2  Post-biopsy Mammography

To ensure that the clip is correctly deployed, an 
image of the biopsied area is usually obtained 
when the breast is still under compression. This 
scout view will be acquired by standard mam-
mography or DBT, depending on the guidance 
system used for biopsy. Then, because clip migra-
tion has been reported in up to 20% of cases 
(Chaveron et  al. 2009; Yen et  al. 2018), before 
preoperative wire localization, two-view mam-
mography (including a craniocaudal and a medio-
lateral or lateromedial view) should be performed 
to assess its final position (Fig.  12). In case of 
DBT-guided biopsy, DBT post-procedure views 
are required.

It is recommended that these additional pro-
jections are not immediately acquired after the 
breast is released from the biopsy unit because 
repeated compressions and decompressions of 
the breast could contribute to clip migration. This 
kind of dislocation has been described by 
Thomassin-Naggara et  al. as the “accordion 
effect” (Thomassin-Naggara et al. 2012), and it 
happens where structures that are not normally 
located adjacent to each other are brought closer 
in the compressed state. When the clip is deployed 
in this state, it may attach onto structures that are 
not at the biopsied site, and when the breast is 
released from compression, the clip will stay 
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Fig. 12 (a) A DBT post-biopsy image acquired at the end 
of the sampling on an architectural distortion detected by 
tomosynthesis, and before releasing the breast compres-

sion. To check that the marker clip is still in the site of the 
biopsy (arrows), after decompression one craniocaudal 
(b) and one mediolateral (c) view is acquired

with the structure and be observed at a site distant 
from the biopsy cavity.

Other causes of clip displacement are migra-
tion within fatty tissue and/or post-procedure 
bleeding or hematoma formation.

Clip migration should be documented in the 
biopsy report.

5.3  Patient Care and Follow-Up

When the procedure is successfully completed 
and the needle is removed from the breast, man-
ual compression of the biopsy site ensures ade-
quate hemostasis. If persistent bleeding is noted 
immediately after the removal of the needle, it is 
helpful to keep the breast under the compression 
paddle, adding focal compression at the biopsy 
site. Continued bleeding after ten minutes of 
manual compression is considered prolonged 
bleeding and surgical evaluation can be helpful.

After hemostasis is achieved, the skin incision 
is closed, generally with thin adhesive strips; as 
the skin incision is a few millimeters, it is rarely 
necessary to close the skin with sutures. To 

ensure continued hemostasis a further compres-
sion may also be applied using an adhesive plas-
ter. It is also helpful to place an ice pack at the 
biopsy site (O’Flynn et al. 2010).

As described above (see Sect. 5.2), to docu-
ment the position of the clip marker, a few days 
after the sampling procedure, patients usually 
have a two-view mammography or tomosynthe-
sis of the biopsied breast. For all patients, a 
 clinical evaluation is also recommended to check 
possible complications such as hematomas or 
infections. There is little literature regarding 
infections following needle biopsy; the available 
data reported severe complications in less than 
1% of all biopsies and need for antibiotic treat-
ment in only 0.15% (Bruening et al. 2010).

5.4  Pathological Result 
Management and Indications 
for Treatment

The diagnostic accuracy of breast lesions depends 
on the correlation of clinical findings, imaging 
features, and pathology results.
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While radiologists can discharge most patients 
with benign lesions, there are cases in which a 
re-evaluation is necessary to decide the next cor-
rect diagnostic and/or therapeutic proceedings.

When there is radiological-pathological dis-
cordance, a direct consultation with the patholo-
gist is mandatory. For example, when the assessed 
lesions are microcalcifications and they are not 
described in the pathologist’s report, the radiolo-
gist should request an additional evaluation of the 
tissue blocks (Huang et  al. 2014); at the same 
time, a comparison between the mammograms of 
the samples and those carried out at the end of the 
biopsy should also be made to confirm the correct 
excision of microcalcifications during stereotac-
tic or DBT-guided biopsy (O’Flynn et al. 2010). 
In case of lasting radiologic-pathologic discor-
dance, re-biopsy or surgical excision is recom-
mended, depending on the degree of the 
radiologist’s suspicion.

A pathological diagnosis of lesions with 
uncertain malignant potential, such as the so- 
called B3 lesions including atypical ductal hyper-
plasia, flat epithelial atypia, classical lobular 
neoplasia, papillary lesions, benign phyllodes 
tumors, and radial scars, will require additional 
interventions. Because the evidence base for 
appropriate management of these B3 lesions is 
still limited and practice varies greatly from 
country to country, for these lesions a multidisci-
plinary team approach, including pathologists, 
radiologists, and surgeons, is required to form an 
individualized treatment plan (Huang et al. 2014; 
Rageth et al. 2016). A multidisciplinary approach 
to treatment is also mandatory for all the malig-
nant lesions diagnosed by stereotactic or 
tomosynthesis- guided biopsies.

A final report, to share with the patient and the 
referring physician, should be issued describing 
radiologic-pathologic concordance or discor-
dance, along with the final recommendation such 
as imaging follow-up and the need for a repeat 
biopsy rather than a surgical biopsy.

In case the patient does not have surgery, a 
mammography follow-up could be necessary. In 
the evaluation of the subsequent mammograms, 
it should be considered that scars may appear; 
scar formation has been reported with rates 

between 2% and 10%, depending on both the 
number of the excised cores and the needle used 
for biopsy (O’Flynn et  al. 2010; Yazici et  al. 
2006; Zagouri et al. 2008).

5.5  Presurgical Localization

For patients with a biopsy-proven cancer and for 
those with a histologic diagnosis of high-risk 
lesion, surgical excision is indicated. A surgical 
biopsy is also required when the core needle 
biopsy fails to provide a definitive histological 
diagnosis (after potential re-biopsy) and in case 
of imaging pathological discordance. A last indi-
cation for surgery is the presence of non-palpable 
lesions considered suspicious and for which ste-
reotactic and/or tomosynthesis-guided biopsy is 
technically not possible. In all these cases, pre-
surgical localization is needed to enable intraop-
erative lesion localization and excision.

Among the different available methods, wire- 
guided localization (WGL) is considered the cur-
rent gold standard. WGL consists of inserting—by 
stereotactic guidance—a hook wire into the 
lesion that needs surgery (Fig. 13). The targeting 
procedure is similar to the one used for stereotac-
tic or DBT-guided biopsies. Using stereotactic 
guidance, the lesion depth is established through 
the acquisition of a scout view first and a pair of 
angled views later; however, when tomosynthesis 
is used, the acquisition of a DBT scout is enough 
to define the correct position of the lesion. Once 
this is satisfactory, the needle is inserted and, 
after a last radiological check to confirm that the 
needle tip is correctly located, the wire is 
advanced so that the hook anchors into the tissue. 
The needle is lastly withdrawn, leaving the wire 
in place. Finally a pair of orthogonal mammo-
grams is performed to confirm that the wire tip is 
located ideally in or within 5 mm of the lesion. 
Although the wire-guided technique is a rela-
tively simple and cost-effective, successful, and 
safe method for non-palpable breast lesion local-
ization (Riedl et  al. 2005), some disadvantages 
have been reported, such as wire rupture or 
migration, pneumothorax, or aesthetic complica-
tions (Kopans 1988). Furthermore, because the 
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Fig. 13 Example of presurgical localization using a 
hook-wire (a). Using stereotactic or DBT guide, a wire is 
inserted into the breast, reaching the correct position of 
the non-palpable lesion; mammographic pictures are 
taken to check the needle position, adjusting it if required. 
Once the needle is in the correct position, a fine hook-wire 

is passed down the center of the needle and then the nee-
dle is removed, leaving the wire in place (b). A final mam-
mogram is performed to show the surgeon where the tip of 
the wire lies in relation to the lesion that is to be removed; 
finally, a specimen radiography confirms the correct 
removal of the target lesion (c)

wire exits the patient’s skin—to reduce the risk of 
hook-wire displacement—it is preferrable to per-
form the localization the same day of the sched-
uled surgery. This can create logistical challenges, 
limiting operating room efficiency.

Carbon-marking localization can be used as 
an alternative to the wire-guided technique in 
overcoming the abovementioned challenges. 
This localization method is based on the injection 
of sterile charcoal powder diluted with saline 
solution into the lesion that needs to be surgically 
removed. A charcoal trail is created from the 
lesion to the superficial layers of the breast, leav-
ing a tattoo on the skin (Fig. 14). The subsequent 
surgical excision of the tumor is guided by the 
presence of the carbon suspension, which is 
removed with the lesion. Because of the stability 
of the charcoal powder, a delayed surgical inter-

vention after the localization procedure is possi-
ble. A potential disadvantage of carbon marking 
is the possible obstruction of the needle tip dur-
ing the injection due to precipitation of charcoal 
particles; moreover, in some cases, foreign-body 
giant-cell reactions mimicking malignancy have 
been reported after carbon marking (Ruiz- 
Delgado et al. 2008).

Both wire and carbon localization techniques 
are widely used as diagnostic and therapeutic 
tools, with their respective limitations as dis-
cussed above.

Other localization methods, developed over 
the years, have been able to overcome these limi-
tations. Among them, radio-guided occult lesion 
localization (ROLL) described in 1999 by Luini 
et al. consists of a preoperative injection of par-
ticles of colloidal human serum albumin labeled 
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Fig. 14 (a) An aqueous suspension of carbon particles, 
(b) using a stereotactic or a DBT guide, is injected through 
a spinal needle (c). This trail gives precise guidance from 
the skin to the site of the lesion, facilitating the removal of 

a minimum volume of tissue (d). Dissection proceeds 
from the skin tattoo along the track towards the end of the 
charcoal trail; the latter represents the center of the lesion 
which is removed with adequate margins

with radioactive technetium (99mTc) into the 
tumor (Luini et  al. 1999). The injection of iso-
tope, such as that of charcoal, is done using the 
same modality described for wire localization. A 
scintigraphy scan of the breast is then obtained to 
check the correct inoculation of the tracer by 
comparison between its position and the localiza-
tion of the lesion on mammograms. During the 
surgery, a gamma probe, directly used by the sur-
geon to verify the adequacy of excision, can 
detect the tumor. The ROLL technique, which 
requires careful communication and close col-
laboration among radiologists, nuclear medicine 
specialists, and surgeons, has proved to be highly 
effective in the preoperative and intraoperative 
localization of non-palpable breast lesions 
 ensuring a reduction in the technical limitations 
of the two methods described before. The most 

significant potential complication of this proce-
dure is the widespread dispersal of the isotope by 
accidental intraductal injection, which may cause 
a failure in identification of the lesion (Rampaul 
et al. 2003). Another concern with ROLL, which 
may limit its introduction, regards its cost: 
Medina-Franco et al. reported histological diag-
nosis at a total cost of $209 (USD) per procedure 
compared to $132 (USD) for wire-guided exci-
sion (Medina-Franco et al. 2007).

Other localization methods have been devel-
oped in the search for the most effective method 
in obtaining clear margins; to date, no single 
technique has proved to be better among the 
various ones described, because all of them have 
some advantages and disadvantages. In light of 
these results, each surgeon should adopt his/her 
most suitable localization or margin assessment 
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technique, based on the team experience and on 
available skills and technologies.

5.6  Specimen Radiography

When non-palpable lesions are surgically 
removed, intraoperative specimen radiography is 
mandatory for the evaluation of the complete 
removal. According to the radiologist’s indica-
tions, the surgeon should decide whether to com-
plete the operation or extend the resection.

To ensure the correct evaluation of the speci-
men, the acquisition of two orthogonal radio-
grams is recommended. The greatest benefit 
provided by orthogonal specimen radiography, 
indeed, is in defining whether the lesion is located 
at the edge of the specimen or rather in the center 
with a respective safety margin; in such case, the 
surgery enlargement of the involved margin 
should be carried out. However, the diagnostic 
value of specimen radiography during breast- 
conservative surgery remains unclear. Multiple 
studies have evaluated the accuracy of specimen 

a b

c

Fig. 15 (a) Mediolateral digital breast tomosynthesis 
demonstrating an architectural distortion (arrow) in the 
left upper quadrants (a). The distortion lesion is difficult 
to identify in the digital mammogram of the specimen (b). 
The DBT spot compression of the specimen shows clearly 

the excised lesion marked by a charcoal suspension (c). 
The surgeon has marked the specimen for orientation with 
one clip on the anterior surface of the specimen, two clips 
at the margin closest to the nipple, three clips at the supe-
rior margin, and four clips on the posterior margin
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radiography in predicting margin involvement 
showing for conservative breast treatment 
(excluding surgical biopsies) sensitivity values 
variable between 27% and 76% (Rua et al. 2012; 
Versteegden et al. 2017). Such heterogeneity can 
be partly attributed to the different techniques 
adopted (such as digital vs. analogue imaging, 
and use of magnification) and partly to the type 
of intraoperative equipment employed. DBT is a 
promising modality in performing specimen 
analysis. As reported in recent publications, DBT 
significantly increases both the accuracy of spec-
imen radiography, regarding identification of the 
closest margin, and the sensitivity, regarding 
margin status assessment compared to standard 
mammography (Urano et  al. 2016; Amer et  al. 
2017). This results in a potential decrease in the 
number of second surgeries, especially in patients 
with invasive carcinomas.

It follows that specimen radiography by DBT, 
which is obviously recommended in the manage-
ment of all the lesions detectable only by tomo-
synthesis (Fig.15), is also indicated for other 
lesions such as distortions, focal asymmetries, or 
small masses detectable by standard digital mam-
mography. Urano et el. reported that DBT, reduc-
ing the influence of overlapping dense breast 
tissue, is superior to digital mammography in 
depicting and delineating entire lesions and their 
contours (Urano et al. 2016).

6  Summary

Stereotactic guided percutaneous needle biopsy 
represents a fundamental technique to charac-
terize the nature of non-palpable suspicious 
mammographic abnormalities (i.e., calcifica-
tions, asymmetries, architectural distortion, and 
some masses). Over the years, this technique 
has constantly been improving: first new biopsy 
systems were introduced (passing from FNAC 
to CNB and finally to VAB), and then the stereo-
tactic modality for biopsy guidance was joined 
by DBT. Stereotactic and DBT-guided percuta-
neous needle biopsy has replaced almost com-
pletely surgical biopsy and, to date, imaging 
plays a pivotal role not only in the early detec-

tion and diagnosis but also in the management 
of these non-palpable lesions. The choice of 
both the imaging modality for biopsy guidance 
(STX or DBT) and the sample system to use 
(CNB or VAB, limiting the use of FNAC to a 
few selected cases) depends on the equipment 
availability, expertise of the radiologist, lesion 
characteristics, and patient profile. Biopsies 
need to be carefully planned, thereby also con-
sidering potential side effects like bruising, 
bleeding, and mild pain. Serious side effects are 
very rare. After the biopsy, radiologic-patho-
logic correlation is crucial for an accurate and 
successful conclusion of the diagnostic proce-
dure. In case of non-palpable lesions with indi-
cation to surgery for both diagnostic and 
therapeutic purposes, preoperative localization 
is recommended and available through ultra-
sound, mammography, or DBT.
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Abstract

Ultrasound technology has evolved remark-
ably over the last decades. High-resolution 
ultrasound enables the evaluation of breast 
lesions in great detail and provides excellent 
guidance modality for aspirations, biopsies, 
preoperative localization, and clip placements. 
A novel and promising field of use of breast 
ultrasound is minimally invasive therapeutic 
procedures (see Chapter “Minimal Invasive 
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Therapy”). Ultrasound is indicated as a pri-
mary imaging modality in young women; it is 
used as an adjunct to mammography to evalu-
ate mammographically detected lesions, pal-
pable abnormalities, and other breast 
symptoms, and after breast MRI as a targeted 
second-look examination. Furthermore, it is 
also used for the evaluation of the axilla. 
Grayscale or B-mode imaging is the most 
important ultrasound modality to evaluate 
breast lesions, but spatial compound imaging, 
harmonic imaging, color and power Doppler, 
3D ultrasound, as well as sonoelastography 
and recently automated whole-breast ultra-
sound are routinely used. In this chapter, the 
technique of handheld ultrasound examina-
tions of the breast and its normal sonographic 
morphology are dealt with; sonographic 
examples of the most common benign and 
malignant breast lesions are demonstrated.

1  Introduction

Current ultrasound (US) technology that uses 
high-frequency, high-resolution transducers 
enables visualization and highly accurate evalua-
tion of the breast and breast lesions (Kremkau 
2011; Stafford and Whitman 2011). Patients tol-
erate US examinations very well, and the tech-
nique is completely harmless for patients and 
staff, as there is no exposure to radiation. It is 
furthermore widely accessible and cheap and can 
be repeated whenever indicated (Brkljačić and 
Ivanac 2014). Due to all these advantages, the 
utilization of ultrasound has increased over the 
decades, and ultrasound is now an established 
modality for breast imaging. As a real-time, 
dynamic modality, ultrasound is very suitable for 
the guidance of fine needle aspirations, biopsies, 
and other interventional or minimally invasive 
procedures (Brkljačić and Ivanac 2014). Color 
Doppler is routinely used for the evaluation of 
lesion vascularization. There are many advanced 
techniques currently used, like 3D US, sonoelas-

tography, and automated whole-breast ultrasound 
that will be dealt with in other chapters (Chapters 
“Breast Ultrasound: Advanced Techniques” and 
“Automated Breast Ultrasound”). In order to per-
form state-of-the-art breast ultrasound examina-
tions, it is mandatory to select the proper 
equipment and transducer, to use the appropriate 
imaging technique, and to understand normal 
sonographic breast anatomy, as well as the sono-
graphic features of benign and malignant breast 
lesions (Tables 1, 2, and 3).

2  Equipment and Examination 
Technique

It is reasonable and advisable to use the best 
scanners with the best transducers for breast 
ultrasound imaging. According to the American 
College of Radiology, the Royal College of 
Radiology, and the European Society of Breast 
Imaging, 10 MHz is the minimum frequency for 
a linear transducer used for breast imaging. 
 High- frequency linear transducers today may 
well have a range up to 18 MHz. Resolution is 
better with higher frequencies, but consequently 
penetration of the sound beam decreases. The 
selection of optimal frequencies for specific parts 
of the breasts should be tailored individually, 
according to the position of the lesion and the 
breast size. Usual transducer apertures have a 

Table 1 Indications for breast ultrasound

• Palpable lumps and other signs or symptoms
• Evaluations of suspicious lesion (at MX or MRI)
• Dense breast parenchyma (composition C or D)
• Screening of women at elevated risk for breast 
cancer
• Initial evaluation in young women or children
• Preoperative staging
• Axillary lymph nodes
• Occult primary cancer
• Targeted ultrasound after positive MRI 
examination
• Ultrasound guidance for interventions (FNA, 
biopsy, preoperative hook wire localization, minimally 
invasive therapy)

B. Brkljačić et al.
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Table 2 Ultrasound features for breast masses according 
to the “ACR BI-RADS atlas”

Shape
   Round
   Oval
   Irregular
Margins
   Circumscribed
   Non-circumscribed (indistinct, angular, 

microlobulated, spiculated)
Orientation
   Parallel (wider than tall)
   Not parallel (taller than wide)
Echo pattern
   Anechoic
   Hypoechoic
   Isoechoic
   Hyperechoic
   Heterogeneous
   Complex
Posterior features
   None
   Enhancement
   Shadowing
   Combined
Associated features
   Architectural distortion
   Skin changes
   Elasticity
   Duct changes
   Edema
   Vascularity

Table 3 Special cases according to the “ACR BI-RADS 
atlas” (= unique sonographic diagnosis or findings)

Simple cysts
Clustered microcysts
Masses in or on skin
Foreign bodies including implants
Intramammary and axillary lymph nodes
Vascular abnormalities (arteriovenous malformations/
pseudoaneurysms, Mondor’s disease)
Postsurgical fluid collections
Fat necrosis

width of 4.5–6.5  cm, but wider transducers are 
also available on the market (Kremkau 2011).

Grayscale or brightness (B)-mode sono-
graphic features are the basis for the interpreta-

tion of breast lesions, but current US systems 
routinely use compound and harmonic imaging, 
color and power Doppler, and strain or shear 
wave sonoelastography (Brkljačić and Ivanac 
2014). Compound imaging is excellent for the 
evaluation of echotexture of breast lesions, since 
it uses multiple images obtained from different 
angles of insonation within the plane of imaging 
to create the final image. Harmonic imaging 
improves resolution further using harmonic fre-
quencies to generate the image, while the original 
fundamental tissue echo frequencies are sup-
pressed by phase inversion between two consecu-
tive transmit pulses (Kremkau 2011; Stafford and 
Whitman 2011; Athanasiou et  al. 2009). 
Vascularization of breast lesions can be evaluated 
by color and power Doppler using high Doppler 
frequencies (7 MHz or more) to visualize vessels 
within the lesions and to differentiate benign and 
malignant patterns; however, grayscale morphol-
ogy is much more important than Doppler in the 
differentiation of benign and malignant breast 
lesions (Kremkau 2011; Stafford and Whitman 
2011; Brkljačić and Ivanac 2014).

Ultrasound is considerably more operator 
dependent than other imaging methods, inter- 
observer variability is high, and manual skills and 
experience are important factors in sonographic 
examination of the breast. Optimization of the 
examination technique is crucial, and all breast 
tissues have to be meticulously examined, in 
order to secure full detection. Examination 
should be performed both in the supine position 
of the patient and in the lateral oblique position, 
always with arms extended over the head. The 
latter position is optimal for the examination of 
outer breast quadrants, assuring that for the right 
breast the patient is placed to the left lateral 
oblique position (left flank), and for the examina-
tion of the left breast to the right lateral oblique 
position. In some cases, the examination may 
also be performed in sitting patient position. 
Extension of the arms over the head flattens 
breast tissue over the chest wall. Scanning can be 
performed using the radial technique, following 
radial and antiradial planes, centering the trans-
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ducer at the nipple, and then stretching outwards, 
following breast lobes as per  anatomy. 
Alternatively, scanning can be performed in par-
allel parasagittal planes, from top to the bottom, 
from lateral to medial and backwards (Kremkau 
2011; Stafford and Whitman 2011; Brkljačić and 
Ivanac 2014; Athanasiou et  al. 2009; Brkljačić 
et al. 2010). All detected lesions need to be visu-
alized in at least two orthogonal planes. As per 
ACR guideline, even in the normal breast, it is 
recommended to document the axilla with at 
least one image.

One should take care to precisely focus the 
sound beam at the exact depth of the breast 
lesion, using electronic focusing. Tissue com-
pression by the transducer should be uniform, to 
avoid scattering and absorption. Time-gain com-
pensation is used to achieve homogeneous bright-
ness and image intensity at different breast tissue 
depths. The gain settings are adjusted according 
to the echogenicity of the fatty tissue. Ultrasound 
is a real-time technique, and lesions can be 
dynamically examined regarding their mobility 
and delineation to neighboring tissues (Kremkau 
2011; Stafford and Whitman 2011). The real- 
time nature of ultrasound is particularly impor-
tant for performing ultrasound-guided fine needle 
aspirations and core or vacuum-assisted needle 
biopsies, because the needles’ path through the 
parenchyma to the lesion can be constantly moni-
tored and modified on the screen in real time, so 
that optimal positioning is achieved to obtain 
adequate specimens. The same applies for preop-
erative wire localization, clip placements, and 
minimally invasive procedures, like radiofre-
quency or cryoablations, that are performed 
under ultrasound guidance (Brkljačić et al. 2010).

3  Sonographic Anatomy of the 
Normal Breast

The adult female breast is composed of paren-
chyma, milk ducts, and fatty and connective tis-
sue; the sonographic anatomy of the breast 
reflects its histologic composition. Detailed 
knowledge of normal sonographic anatomy is 

crucial to recognize pathologic changes. Breast 
cancers originate within the ductal epithelium 
(glandular tissue), including the accessory mam-
mary tissue. Glandular tissue is predominant in 
the upper outer portion of the breast where 
approximately half of breast cancers originate; 
hence, this is the area that has to be examined 
meticulously by ultrasound. Glandular paren-
chyma is surrounded by fatty tissue and is sup-
ported by connective tissue or Cooper’s ligaments 
inserting into the skin and prepectoral fascia, 
visualized by ultrasound. The breast consists of 
15–20 lobes, arranged centripetally around the 
nipple. Ultrasound is the best imaging modality 
for depicting lobar breast anatomy and to evalu-
ate cancer spread within the lobe. Individual 
lobes are organized around a lactiferous duct, and 
they converge into larger collecting ducts that 
open at the nipple. Lymph from the breast drains 
predominantly into the axillary lymph nodes, 
while lymph from the lower inner quadrants 
drains into internal mammary lymph nodes 
(Brkljačić and Ivanac 2014; Brkljačić et  al. 
2007).

When the breast is maturing, the echogenicity 
of the glandular tissue increases gradually. In the 
mature breast, glandular parenchyma is hyper-
echoic and bright, while the fatty tissue surround-
ing parenchyma and interspersed fat lobules 
appear hypoechoic and dark. Cooper’s ligaments 
are visualized as fine linear hyperechoic bands 
that traverse the fat. They may produce shadow-
ing due to the reflection of the sound beam, and 
careful compression and repositioning of the 
transducer are needed to eliminate these artifacts. 
The skin appears as thin, hyperechoic, bright, 
double-contour line, with thickness below 3 mm. 
Acoustic shadowing often impairs visualization 
of the retroareolar area because the retroareolar 
ducts reflect echoes away from the probe, since 
they run parallel to the beam direction (Brkljačić 
and Ivanac 2014; Hooley et al. 2013).

The higher the mammographic parenchyma 
density of the breast gets, the more important the 
role of ultrasound in the evaluation of the breast 
is. In mammographically very dense breasts, 
small lesions are hidden by the superposition of 
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Fig. 1 Ultrasound image of the fatty breast, with dominantly hypoechoic fat lobules and Cooper’s ligaments visible as 
hyperechoic linear bands that traverse the fat

the surrounding parenchyma. However, on ultra-
sound these lesions are often very clearly depicted 
because of the different acoustic impedance, and 
consequently different echogenicity between 
them and surrounding parenchyma (Crystal et al. 
2003). With age, breast parenchyma undergoes 
involution and atrophy, and fatty tissue becomes 
predominate in the breast, which is hypoechoic, 
with only scarce echogenic patches of parenchy-
mal tissue, while Cooper’s ligaments remain 
hyperechoic. During pregnancy, echogenicity of 
the tissue decreases because of increased water 
content, hyperemia, fluid retention, and lobular 
hyperplasia. Hormone replacement therapy 
(HRT) causes proliferation of the breast paren-
chyma, and the breasts appear hyperechoic with 
increased volume of parenchyma (Hooley et al. 
2013) (Figs. 1 and 2).

4  Types of Breast Lesions 
and Their Sonographic 
Features as per the ACR 
BI-RADS Atlas

Breast lesions may originate from the main lac-
tiferous ducts (duct ectasia, main duct papilloma, 
intraductal carcinoma), small and terminal ducts 
(hyperplasia, peripheral duct papilloma, ductal 
carcinoma), lobules (cyst, fibroadenoma, adeno-
sis, phyllodes tumor, lobular carcinoma), and 
stroma (sarcoma) or may have unclassified origin 
(radial scarring) (Tot et al. 2014). Ultrasound is 
used to evaluate palpable abnormalities and other 
breast symptoms, implants, changes detected by 
mammography or breast MRI, and axilla, as well 
as for supplemental screening, in addition to 
mammography. It is an excellent modality for the 
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Fig. 2 Ultrasound image of a dense breast, with predominantly hyperechoic glandular parenchyma

guidance of fine needle aspirations, biopsies, and 
other interventional procedures (Brkljačić and 
Ivanac 2014; Berg et al. 2012a).

For ultrasound reporting, the most widely 
used terminology and classifications are those 
proposed by the American College of Radiology 
(ACR) Breast Imaging and Reporting Data 
System (BI-RADS) (Mendelson et  al. 2013). 
Consistent terminology and assessment categori-
zation ease the communication between experts 
from radiology and other medical senologic dis-
ciplines, dealing with breast diagnosis and treat-
ment, and help to define the level of suspicion for 
malignancy. According to the fifth edition of the 
ACR BI-RADS Atlas, it is recommended to first 
define tissue composition, and then to describe 
abnormalities (masses, cysts, complex cystic and 
solid lesions, calcifications, associated features, 
and special cases). All these elements are a part 

of the structured report following a breast ultra-
sound examination.

Regarding tissue composition, the categoriza-
tion is comparable to the variability seen on 
mammographic images. ACR BI-RADS differ-
entiates homogeneous fatty background echotex-
ture, homogeneous fibroglandular background 
echotexture, and heterogeneous focal or diffuse 
background echotexture.

A mass is a space-occupying three- 
dimensional lesion to be documented in two 
orthogonal planes. Shape, orientation, margins, 
echo pattern, and posterior acoustic features 
should be evaluated. The level of suspicion is to 
be based on the most worrisome feature. 
Regarding their shape, masses can be round, 
oval, or irregular. Oval and round lesions are usu-
ally benign and cancers usually irregular, but 
some cancers may be round and oval in shape, 
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including very aggressive mucinous or triple- 
negative breast cancers (Mendelson et al. 2013). 
Orientation of the lesion (according to the axis of 
its longest diameter) in reference to the skin sur-
face is unique for US examination. Parallel 
lesions (“wider than talle”) are more likely 
benign, and vertical (“taller than wide”) lesions 
are more likely to be malignant. Margins of a 
lesion can be circumscribed (well defined) or 
non-circumscribed. Non-circumscribed margins 
may be subdivided into indistinct, angular, 
microlobulated, or spiculated, and they raise the 
level of suspicion for malignancy.

Echo pattern is compared in reference to fatty 
and glandular tissue. Simple cysts are anechoic 
and therefore darker than fat. Hyperechoic 
lesions have the same or higher echogenicity as 
fibroglandular tissue and definitely a higher 
echogenicity than fat; hypoechoic lesions are less 
echogenic than fat; isoechoic lesions have the 
approximate echogenicity of the surrounding fat; 
and complex cystic and solid lesions contain an 
anechoic (cystic) and an echoic (solid) compo-
nent. A mixture of echogenic patterns within a 
solid mass is called heterogeneous echo pattern. 
Distal acoustic phenomena should be observed: 
posterior shadowing, posterior enhancement, no 
changes in the posterior echogenicity, or com-
bined patterns. Posterior enhancement suggests a 
benign lesion and it is rather typical for cystic 
lesions, but some carcinomas may also show 
enhancement. Posterior shadowing of different 
intensity suggests fibrosis, with or without an 
underlying malignancy. Areas of acoustic shad-
owing or enhancement not originating from focal 
lesions commonly appear in dense fibrous 
breasts; changing the transducer position shad-
owing originating from benign fibrous tissue or 
Cooper’s ligaments may be eliminated 
(Mendelson et al. 2013).

Calcifications, including microcalcifications, 
can be seen with high-frequency transducers if 
carefully looked for, especially when specifically 
targeted, i.e., second-look ultrasound examina-
tions, performed after mammography; the exam-
iner exactly knows the location where to look for 
microcalcifications.

Calcifications larger than 0.5  mm usually 
present with dorsal acoustic shadowing. 
Microcalcifications are difficult to visualize on 
ultrasound and are too small to cause posterior 
shadowing. With high-frequency transducers 
however, they might be visible as echogenic foci, 
particularly when located in a mass. 
Microcalcification clusters present as multiple 
hyperechogenic foci within either masses or 
ducts. Calcifications should be classified as per 
location: in a mass, outside of a mass, or as intra-
ductal. If the US correlate present is clearly a 
cluster, it can be subjected to US-guided biopsy 
(Fig. 3).

The fifth edition of the ACR BI-RADS further 
introduced associated features, like architectural 
distortion, duct changes, skin changes (thicken-
ing and retraction), edema, vascularity (absent, 
internal, rim vascularity), as well as elasticity 
assessment by sonoelastography (Berg et  al. 
2012b).

Special cases are those with a unique sono-
graphic diagnosis or findings. These are simple 
cysts, clustered microcysts, complicated cysts, 
masses in or on the skin, foreign bodies including 
implants, intramammary and axillary lymph 
nodes, vascular abnormalities (arteriovenous 
malformations/pseudoaneurysms, Mondor’s dis-
ease), postsurgical fluid collections, and fat 
necrosis (Mendelson et al. 2013).

Whenever possible, US should be correlated 
with mammographic and/or MRI findings and 
compared to previous examinations. Every report 
has to be ideally structured and should include the 
indication for the examination, patient history and 
clinical findings, technique of breast US examina-
tion performed, clear description of any important 
findings, composite reports (if more than one type 
of examination is performed concurrently), final 
assessment categories according to BI-RADS, 
and management recommendations. When corre-
lating US with mammography and MRI, the 
examiner has to be aware that the patient’s posi-
tion affects the location of the lesion and it may 
differ considerably between ultrasound performed 
in supine or lateral oblique position and MRI per-
formed in the prone position.
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Fig. 3 Multiple microcalcifications within ducts visible as hyperechoic small dots, without dorsal acoustic phenomena. 
This 33-year-old woman had extensive DCIS, grade III

4.1  BI-RADS Final Assessment 
Categories

In Category 0 (incomplete assessment), addi-
tional imaging evaluation is needed; this should 
be reserved to the screening setting. Information 
should be provided on the exact additional imag-
ing modality to be used, and it should be borne in 
mind that negative additional imaging should 
avoid biopsy.

Category 1 is for normal examinations, with 
no abnormalities.

Category 2 includes benign findings. Simple 
cysts are placed in this category, along with intra-
mammary lymph nodes, breast implants, stable 
postsurgical fluid collections, and fibroadeno-
mas, unchanged for at least 2 years.

Category 3 includes probably benign findings: 
a solid mass with circumscribed margins, oval 

shape, and parallel orientation, most likely to be 
a fibroadenoma, when described for the first time. 
The risk of malignancy is less than 2%, with fur-
thermore isolated, nonpalpable complicated 
cysts. Clustered microcysts might also be placed 
in this category for short-interval (= 6-month) 
follow-up. If lesions are unchanged after 6 
months, the next follow-up examination will be 
after another 6  months, and then after another 
12 months. If lesions are stable over the course of 
24  months, they are downgraded to BI-RADS 
Category 2. Elastographic features are also help-
ful, because cancers are usually stiff and benign 
lesions elastic (Berg et al. 2012b).

Category 4 is defined as suspicious lesions. 
The probability of cancer in this group is in a 
very wide range from 2% to 95%; therefore, a 
further subdivision into additional three groups 
(4A, 4B, and 4C) for risk stratification is possi-
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ble. Those lesions require tissue sampling by 
needle biopsy providing histologic diagnosis.

Category 5 refers to lesions highly suggestive 
of malignancy, with a very high probability of 
95% or higher.

Category 6 is reserved for lesions with biopsy 
proof of malignancy prior to definite (= surgical) 
therapy.

5  Sonographic Features 
of Benign Breast Lesions

More common benign breast lesions are cysts, 
fibroadenomas, duct ectasia, intraductal papillo-
mas or papillomatosis, sclerosing adenosis, and 
epithelial hyperplasia involving lobules or larger 
ducts. Less common benign conditions are masti-
tis, lipomas, fat necrosis, foreign body granulo-
mas, lactational mastitis, and sclerosing phlebitis 
(Mondor’s disease) (Brkljačić and Ivanac 2014; 
Tot et al. 2014).

Cysts are very common and are found in 
approximately 50% of women in the age group 
between 30 and 40 years of age. Ultrasound can 
reliably depict microcysts measuring 1–2 mm in 
diameter, as well as simple or multiloculated 
macrocysts, not requiring further evaluation in 
this age group (Brkljačić et  al. 2007; Hooley 
et  al. 2013). Galactoceles are retention cysts 
filled with milk developing in pregnancy, while 
oil cysts, filled with necrotic material, may 
develop peripheral eggshell calcifications and are 
usually related to trauma or breast surgery. 
Simple cysts are easy to recognize sonographi-
cally, since they appear as round or oval, well- 
circumscribed anechoic lesions with clear 
visualization of their posterior wall, abrupt inter-
face to the surrounding tissue, posterior acoustic 
enhancement, and lateral thin refraction shad-
ows, without any internal color on sonoelastogra-
phy. Complicated cysts may contain thin septa. 
Ultrasound-guided aspiration or tissue sampling 
may be needed to differentiate septa from solid 
intracystic vegetations (= complex cystic and 
solid lesions) suspicious for malignancy. 
Sonographic presentation of epithelial hyperpla-
sia, focal fibrosis, adenosis, and pseudoangioma-

tous stromal hyperplasia is very diverse and 
inconsistent, with hypoechoic or irregular areas, 
solid and cystic lesions, and hyperechoic areas, 
and the diagnosis of these conditions is primarily 
through histopathology (Brkljačić and Ivanac 
2014; Hooley et  al. 2013; Berg et  al. 2012b) 
(Figs. 4 and 5).

Radial scars are lesions that resemble invasive 
cancer on US and mammography because of 
their spiculated appearance. This is due to a focal 
tubular proliferation around a fibrous elastoid 
center; carcinomas can develop within a radial 
scar; therefore, it should be surgically excised 
(Adler 2000).

Focal fibrosis is a stromal proliferation occur-
ring in younger women, which can potentially 
resemble malignancy if manifesting with 
hypoechoic focal lesions with acoustic shadow-
ing (Brkljačić and Ivanac 2014; Brkljačić et  al. 
2007; Hooley et al. 2013).

Fibroadenomas are the most common 
benign breast tumors, typically occurring in 
young women with the highest incidence 
between 25 and 35 years; they are mixed fibro-
epithelial hyperplastic tumors of the lobular 
connective tissue (Brkljačić and Ivanac 2014; 
Hooley et  al. 2013; Tot et  al. 2014). Typical 
sonographic features of fibroadenomas are 
round or oval masses with circumscribed (= 
well-defined) margins, horizontal orientation, 
relatively homogeneous hypoechoic internal 
pattern, posterior enhancement, and soft 
appearance on sonoelastography (Brkljačić 
and Ivanac 2014; Hooley et  al. 2013; Berg 
et  al. 2012b). The incidence of fibroadenoma 
decreases after the age of 40  years. 
Fibroadenomas are usually solitary; however, 
multiple lesions are observed in 10% of 
patients. They typically measure 1–2  cm and 
rarely more than 4  cm in diameter. As stated 
above, the classical fibroadenoma appears as a 
mass lesion with benign features (horizontal 
orientation, oval shape, and circumscribed 
margins). If any of these features are not pres-
ent, newly discovered solid lesions are to be 
placed into the BI-RADS 4 category and a 
biopsy is to be performed. In rare cases, gray-
scale features of some aggressive invasive 
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Fig. 4 Large simple cyst

breast cancers, like triple-negative invasive 
cancers, may resemble those of fibroadenomas, 
since they can present as a well-circumscribed, 
horizontally oriented lesions, but they typically 
are not as soft as fibroadenomas on sonoelas-
tography (Yeo et  al. 2018; Džoić et  al. 2016) 
(Fig. 6).

Hamartomas are completely benign abnormal 
collections of tissues normally found in the breast 
(fat, parenchyma, and muscle), surrounded by a 
pseudocapsule, appearing on ultrasound as well- 
defined, horizontally oriented lesions with well- 
defined margins. The final diagnosis is established 
by core needle biopsy or excisional biopsy.

Papillomas are benign fibroepithelial tumors 
located within the milk ducts (Chapter “High- 
Risk Lesions of the Breast: Diagnosis and 
Management”). They are relatively rare and 
can present on sonography as intraductal, typi-
cally highly vascularized mass with or without 

ductal dilatation, or as intracystic mass and a 
predominantly solid pattern with the intra-
ductal mass totally filling the duct. Reliable 
sonographic differentiation between benign 
papilloma and papillary carcinoma is not pos-
sible and yields further invasive diagnostic 
evaluation. Very frequently, papillomas become 
clinically apparent due to pathological nipple 
discharge.

Abscesses may be the consequence of inade-
quately treated acute mastitis. Ultrasound dem-
onstrates skin thickening, changes in echogenicity 
of parenchyma and subcutaneous tissue, dilated 
ducts, as well as typical low-echogenicity lesions, 
irregularly circumscribed, with multiple internal 
echoes caused by pus, surrounded by a hyper-
echoic rim of edema. If the clinical presentation 
is not clear and any suspicious finding is present, 
tissue sampling is needed (Brkljačić and Ivanac 
2014; Hooley et al. 2013).
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Fig. 5 Small cysts with typical sonographic features

Fig. 6 Large fibroadenoma with oval shape horizontally oriented, well circumscribed, without distal acoustic 
phenomena
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6  Sonographic Features 
of Breast Lesions

More than 25 years ago, Stavros in his landmark 
publication described grayscale sonographic fea-
tures of malignant and benign breast lesions. 
Malignant features include vertical orientation 
(larger anteroposterior than laterolateral diame-
ter), spiculation, distortion of breast tissue archi-
tecture, marked hypoechogenicity, angular 
margins, posterior acoustic shadowing, and 
microcalcifications, while benign features 
include gentle lobulations, ellipsoid shape, 
homogeneous echotexture, thin capsule, and hor-
izontal orientation (larger laterolateral than 
anteroposterior diameter) (Stavros et  al. 1995). 
Many carcinomas are stiff on sonoelastography 
examinations, while most benign lesions are soft 
(Brkljačić and Ivanac 2014).

7  Sonographic Features 
of Malignant Breast Lesions

The widespread use of mammographic screening 
has resulted in the considerable increase of diag-
nosed ductal carcinoma in situ (DCIS), on the 
basis of mammographically visible microcalcifi-
cations (Tot et al. 2014). Ultrasound and MRI are 
inferior to mammography in the detection of sus-
picious microcalcifications, but their role in the 
assessment of BI-RADS 4 and 5 mammographic 
microcalcifications should not be underestimated 
(Bennani-Baiti et al. 2017; Hrkać-Pustahija et al. 
2018).

Carcinomas in situ are neoplasms that do not 
penetrate the ductal basement lamina; they 
carry an inherent risk for development of inva-
sive cancer. Ductal carcinoma in situ (DCIS) 
develops from ductal epithelium of milk ducts 
and is often multifocal; several types of DCIS 
differ in the degree of differentiation and malig-
nant potential. Comedo DCIS progresses into 
invasive carcinoma in approximately 50% of 
cases, while some higher differentiated types 
progress into invasive cancer less often (20–
30%) (Tot et al. 2014). Sonographic features of 
DCIS include ductal abnormalities, predomi-

nantly ductal dilatation with intraductal con-
tent, usually with small echoic dots representing 
microcalcifications, architectural distortions, 
and less commonly hypoechoic irregular areas 
or masses. Sonographic features of DCIS most 
frequently are hypoechoic areas in the mam-
mary gland according to a Japanese group 
(Watanabe et  al. 2017), followed by solid 
masses and abnormalities of the ducts or mixed 
masses. Uncommon findings reported by the 
authors were distortions, clustered microcysts, 
and echogenic foci without a hypoechoic area. 
Calcifications in malignant breast tissue are 
more frequently visualized sonographically 
than benign calcifications. Moreover, in case of 
an invasive DCIS, ultrasound can be an adjunct 
method to detect associated masses and to 
assess axillary lymph nodes. The sonographic 
presentation of noncalcified DCIS is especially 
challenging, since its appearance is very het-
erogeneous, ranging from circumscribed round 
masses to clustered cysts (Wang et al. 2013). In 
our experience, in more than 70% of DCIS, 
hyperechoic foci can be found on ultrasound, 
either within a mass or within a duct, represent-
ing microcalcification clusters visible on mam-
mography. If those changes are visible on 
ultrasound, an US-guided biopsy could be con-
sidered as an option (Brkljačić and Ivanac 
2014; Hrkać-Pustahija et  al. 2018; Uematsu 
2012). Lobular cancer in situ (LCIS) is not rec-
ognizable on ultrasound; it arises in ductolobu-
lar units of the parenchyma. It has much lower 
malignant potential than DCIS and is consid-
ered as an epithelial atypia rather than a true 
carcinoma (Brkljačić and Ivanac 2014; Hooley 
et al. 2013) (Fig. 7).

Invasive breast cancers are classified into inva-
sive ductal carcinoma (IDC), arising from ducts, 
with several subtypes, and invasive lobular carci-
noma (ILC), arising from lobules. IDC is much 
more common than ILC and easier visualized 
with ultrasound (Brkljačić and Ivanac 2014; Tot 
et al. 2014). ILC accounts for roughly 10–15% of 
invasive breast cancers, often multicentric and 
bilateral, requiring preoperative MRI. Ultrasound 
can better evaluate multifocality, multicentricity, 
and intraductal spread than mammography, but is 
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Fig. 7 Color Doppler image of a hypervascularized large hypoechoic area, containing pathological clusters of micro-
calcifications on mammography—core biopsy and final histopathologic diagnosis demonstrated pure DCIS

inferior to MRI (Brkljačić and Ivanac 2014; 
Hooley et al. 2013) (Fig. 8).

However, one needs to be very careful at dif-
ferentiation between malignant and benign 
lesions, because the straightforward distinction 
on the basis of former Stavros categories is not 
completely accurate in every single case and 
there is a considerable overlap of sonographic 
features between benign and malignant (Stavros 
et al. 1995). Some very aggressive cancers, like 
triple-negative cancers, may demonstrate benign 
morphologic sonographic features (horizontal 
orientation and well-circumscribed, regular- 
shaped masses); correlation with mammography 
and MRI is needed, and image-guided biopsy is 
the best way to establish the accurate diagnosis 
(Džoić et  al. 2016; Dogan and Turnbull 2012) 
(Fig. 9).

Some invasive cancers, invisible on mammog-
raphy, may be visualized at ultrasound, especially 

in mammographically extremely dense breasts, 
and even small, nonpalpable carcinomas can be 
seen on ultrasound (Hooley et al. 2013; Crystal 
et  al. 2003). Medullary and mucinous cancers 
often present as oval-shaped, well- circumscribed, 
hypoechoic masses that may look like compli-
cated cysts with some internal echoes at ultra-
sound (Liu et  al. 2011). Posterior acoustic 
shadowing is considered as an indicator for 
malignancy and is caused by extensive fibrotic 
reaction and fibrotic tissue absorbing the sound 
beam, although some carcinomas do not present 
posterior shadowing and may even have posterior 
enhancement, like some medullary and mucinous 
carcinomas (Liu et al. 2011).

Therefore, it should not be forgotten that 
breast US is primarily an adjunct modality and 
should, whenever possible, be evaluated together 
with mammography (and/or MRI) in combina-
tion with a clinical examination.
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Fig. 8 Sonographic image of an irregular-shaped, ill-defined and spiculated, hypoechoic mass with dorsal shadow-
ing—histopathologic diagnosis revealed invasive ductal cancer, cribriform type, luminal B

With the widespread use of breast MRI, tar-
geted, second-look ultrasound for focused evalu-
ation of lesions detected on contrast-enhanced 
MRI has become very important. Fifty-six per-
cent of these lesions are visible on ultrasound and 
can be biopsied under ultrasound guidance. The 
larger the lesion on MRI, the higher the likeli-
hood that it is visible on ultrasound (Brkljačić 
and Ivanac 2014; Candelaria and Fornage 2011).

8  Further Ultrasound 
Applications: After 
Treatment, Screening, 
Intervention

Postoperative scars after breast-conserving sur-
gery as well as fat necrosis may resemble cancer, 
and appear irregular, hypoechoic, and spiculated, 
with varying degrees of dorsal acoustic shadow-

ing. However, ultrasound is inferior to MRI in 
distinguishing postoperative scars from cancer 
(Chapter “Post-therapy Evaluation (Including 
Breast Implants)”).

Postoperative seromas are fluid collections 
that may undergo secondary inflammation.

Aftereffects of radiation therapy include thick-
ening of the skin, edema, and architectural distor-
tions of breast parenchyma, which can be 
visualized by ultrasound. Ultrasound is also very 
helpful for the detection of implant pathology 
after oncoplastic surgery.

When biopsy is indicated, ultrasound is excel-
lent as a guidance modality. Ultrasound can also 
be used to search for recurrence of cancer after 
surgery, including recurrence in the thoracic wall 
after mastectomy (Brkljačić and Ivanac 2014).

As already mentioned, mammography has con-
siderable limitations in women with dense breasts. 
An additional 2.3–4.6 of  mammographically 
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b

Fig. 9 (a) Grayscale image of a triple-negative invasive 
cancer with benign features—the lesion is oval shaped 
with well- defined margins, hypoechoic, horizontally ori-
ented, and without dorsal shadowing. (b) Shear wave 

sonoelastography image of this patient demonstrates a 
stiff lesion. The histopathologic diagnosis was triple-neg-
ative invasive breast cancer
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occult breast cancers per 1000 women can be diag-
nosed if ultrasound is added to mammography in 
women with dense breasts (Berg et  al. 2012a). 
Some national mammographic screening pro-
grams in Europe, like in Austria or Croatia, recom-
mend breast ultrasound to all women with ACR 
BI-RADS C and D density categories, and breast 
ultrasound examinations are mandatory and free 
of charge for these women, in the scope of the 
national health-care systems. Automated whole-
breast ultrasound has been recently introduced as 
an alternative to handheld ultrasound for screen-
ing, but it will be covered in other chapters 
(Chapter “Automated Breast Ultrasound”).

9  Summary

Ultrasound of the breast underwent rapid techni-
cal and application-related developments over the 
last years. Patients’ toleration of examination, 
lack of radiation exposure, excellent spatial reso-
lution, low costs, and consequently high availabil-
ity render this method an ideal diagnostic option. 
Because of real-time imaging, interventional pro-
cedures like breast or axillary lymph node tissue 
sampling or minimally invasive breast therapies 
are routinely led by handheld ultrasound.

B(rightness) mode is the basis for breast eval-
uation, whereas color Doppler ultrasound and 
sonoelastography may add diagnostic value in 
selected cases. Automated three-dimensional 
breast ultrasound is a novel approach to make the 
examination less examiner dependent while 
depicting the whole breast.

The most widely used terminology and clas-
sifications in breast ultrasound are those pro-
posed by the American College of Radiology 
(ACR) Breast Imaging Reporting And Data 
System (BI-RADS). Ultrasound has the potential 
to classify benign and malignant lesions and adds 
further value to mammography and MRI in eval-
uating the breast and axillary lymph nodes.

Limitations of standard handheld ultrasound 
in the detection and classification of breast 
lesions are especially its examiner dependence 
and the limited detectability of calcifications like 
in DCIS.

Nevertheless, breast ultrasound has over the 
years become one of the main pillars in diagnos-
tic breast imaging and guidance for breast inter-
ventions alike, with promising applications for 
minimally invasive breast therapy. In the future, 
the extensive implementation of routine ultra-
sound in breast cancer screening may be consid-
ered in patients with dense breasts.
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Abstract

Several additional techniques are now widely 
available when performing handheld breast 
US which may be helpful in routine clinical 
practice and others which show research 
potential. These include various forms of 
elastography including strain and shear wave 
techniques and Doppler assessment of vascu-
larity with and without contrast. The most 
useful technique is shear wave elastography 
(SWE) which allows quantitative and repro-

ducible analysis of tissue stiffness. Cancers 
tend to be stiff and benign lesions soft. SWE 
can be used successfully to differentiate 
benign from malignant lesions, monitor neo-
adjuvant chemotherapy, and predict nodal 
metastasis and outcome. Superb vascular 
imaging is the most promising vascular 
modality and it may be useful in monitoring 
neoadjuvant chemotherapy and benign/malig-
nant differentiation.

1  Introduction

A number of additional techniques are now 
widely available when performing handheld 
breast US which may be helpful in routine 
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 clinical practice and others which show research 
potential. These include various forms of elastog-
raphy including strain and shear wave techniques 
and Doppler assessment of vascularity with and 
without contrast.

2  Elastography

2.1  Introduction

Elastography is useful in the breast because 
most benign lesions are soft and most malig-
nant lesions are stiff. The stiffness or softness 
of breast lesions is essentially due to the char-
acteristics of the collagen these lesions contain 
or are surrounded by. Fibroadenomas have a 
large collagen content but the collagen is well 
ordered and has few cross-links making them 
soft at elastography. Malignant lesions, particu-
larly invasive cancers, have cancer-associated 
fibroblasts (CAFs) both within and around the 
tumors. These CAFs produce abnormal colla-
gen which is thicker, is disorganized in orienta-
tion, and has increased cross-links making the 
lesions and the surrounding stroma stiff (Shi 
et  al. 2018). This stiff surrounding stroma is 
why clinical sizing of breast cancers is often 
overestimated. In a study where the size of the 
surrounding stiffness and the size of the gray-
scale abnormality were compared with the 
pathological size of the tumor, the grayscale 
size was often underestimated while the shear 
wave elastography (SWE) size was overesti-
mated. The most accurate prediction was found 
when 50% of the SWE stiffness was added to 
the grayscale size (Mullen et  al. 2014). This 
finding suggests that the area of stiffness sur-
rounding the grayscale abnormality is a combi-
nation of tumor with stiff stroma immediately 
adjacent to the tumor and stiff stroma alone 
more peripherally. CAFs also secrete metallo-
proteinases which dissolve collagen as well as 
form collagen so this increased collagen turn-
over allows tumor invasion of stroma and cre-
ation of blood vessels, thus promoting tumor 
growth and metastasis.

2.2  Strain Elastography

Elastography is based on the fact that sound 
waves propagate through stiff tissue faster than 
soft tissue. Strain elastography (SE) is where the 
force is applied by the operator through the 
probe. SE has been available for many years. It is 
reliant on detecting the way the speckle within 
image moves, often with a tracking algorithm. 
This information is then used to form an image 
that is usually displayed in color.

There are three methods of interpreting SE: 
the elastographic-to-B-mode length ratio, a 
5-point color scale, and the strain ratio (Barr 
et  al. 2018). SE has been shown to aid benign/
malignant differentiation of solid masses espe-
cially when used in conjunction with the Tsukuba 
criteria of stiffness within and around US visible 
lesions. This classification is based on the 
 observations that malignant lesions are on aver-
age stiffer than benign lesions, that the stiffness 
of malignant lesions is most often seen at the 
edge of the cancer, and that this stiffness is also 
seen in the peritumoral stroma, making the elas-
tographic lesion bigger than the grayscale abnor-
mality. A lesion not stiffer than surrounding 
tissue is scored 1. Lesions with stiff areas are 
classified 2 or 3 while entirely stiff lesions are 
classified 4. A score of 5 indicates that the stiff-
ness extends beyond the margins of the grayscale 
lesion. The drawbacks of strain elastography are 
poor reproducibility and lack of quantitative 
outputs.

2.3  Shear Wave Elastography

2.3.1  Technique
During shear wave elastography, the strain is pro-
duced by the ultrasound probe by means of an 
acoustic radiation force impulse (ARFI) which 
generates shear waves in the breast tissue and the 
speed of propagation of these waves is tracked by 
ultrafast ultrasound sequences. The speed of 
propagation is related to Young’s modulus of 
elasticity. A similar technique called ARFI uses 
the amplitude of the displacement generated in 
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the vicinity of the pushing beam rather than the 
generated shear waves.

During acquisition it is important that the 
probe is held still as the stiffness color map builds 
up in real time and that no pressure is applied as 
this will cause artifactual stiffness. Images should 
be obtained in orthogonal planes as many lesions 
display quite marked anisotropy. On average 
malignant lesions display greater anisotropy than 
benign lesions (Chen et  al. 2018). There is no 
increased diagnostic information gained from 
using the ductal and anti-ductal planes compared 
to using any other orthogonal planes.

2.3.2  Number of Images
The use of four images rather than two has been 
shown to improve the reproducibility of 
SWE. The intra-class correlation coefficient for 
4-image SWE taken by different operators is 0.85 
which is nearly perfect (Evans et  al. 2012). 
Similar agreement is found for quantitative data 
extracted from the same images by two people.

2.3.3  Region of Interest Size 
and Data Extraction

Once the color map image has been saved quan-
titative information can be obtained using a 
region of interest (ROI). This is normally 1 or 
2  mm in diameter. This diameter gives optimal 
benign/malignant differentiation when using the 
parameters of maximum elasticity (Emax) and 
mean elasticity (Emean) (Moon et al. 2018).

The display also gives the standard deviation 
(SD) which is a measure of heterogeneity of the 
stiffness within the ROI.  SD is a less useful 
parameter than Emean and Emax when using a 
small ROI (Fig.  1). However if a large ROI is 
used (>2  mm) then the performance of SD in 
benign/malignant differentiation improves to be 
similar to that of Emax and Emean. Acquiring of 
SWE images takes about 2 min and extraction of 
the quantitative data takes a similar time.

Currently quantitative data can only be 
extracted from the US machine. This means that 
quantitative information cannot be extracted once 
the images have fallen off the US machine. This 
limits the ease of performing multicenter studies 

and retrospective evaluation of SWE studies. 
However algorithms are being developed which 
will allow quantitative information to be extracted 
from images stored on PACS.

2.3.4  Qualitative Evaluation 
and Artifacts

Similarly to strain elastography, the pattern of 
stiffness can be useful in benign/malignant dif-
ferentiation. The “ring sign” when a subtle halo 
of stiffness is seen around small, low-grade can-
cers is particularly useful as small low-grade 
cancers may not be stiff enough to reach the cut-
off values used for Emax and Emean (Yoon et al. 
2013) (Fig. 2). Stiffness which appears to arise 
from the skin or underlying pectoral muscle is 
often artifactual. Vertical bands of stiffness on 
the very edge of images are also often 
artifactual.

2.3.5  3D Shear Wave
3D SWE probes exist and this allows the volume 
of stiffness in and around a lesion to be measured. 
Extraction of the volumes requires freehand ROIs 
to be drawn on a number of slices taking about 
4 min per lesion. 3D SWE has a similar diagnos-
tic performance as 2D SWE in differentiating 
benign from malignant breast lesions (Lee et al. 
2013) (Fig.  3). 3D SWE might be useful in 
assessing the response of cancers to neoadjuvant 
systemic therapy. However the use of 3D SWE in 
this context is hampered by the small probe foot-
print which often cannot capture the entire stiff-
ness associated with the larger cancers which are 
often treated with neoadjuvant therapy.

The routine adoption of SWE into breast ultra-
sound examinations has been hampered by the 
small number of equipment manufacturers pro-
viding high-quality SWE technology. Those who 
did provide quality SWE images did not always 
have high-quality grayscale imaging as well. 
However in recent years these issues have been 
resolved.

2.3.6  Normal Breast Tissue
Normal breast tissue is soft on SWE with Emean 
values of around 10–30 kPa (Fig. 4). Surprisingly, 
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Fig. 1 SWE image of a grade 2 ductal carcinoma of no specific type in a 56-year-old woman with a region of interest. 
Readout on the right of the image shows the Emean, Emax, Emin, and SD readings

there are only minor differences in the stiffness of 
fatty breast tissue and dense breast issue. Dense 
breast tissue is however slightly stiffer than fatty 
tissue. This minor difference in stiffness is 
because dense breast tissue although having a 
high collagen content is made up of well-ordered, 
thin collagen fibers with low concentrations of 
cross-linking. Whether the stiffness of breast tis-
sue carries any additional risk information 
beyond that found from mammographic density 
is unknown.

2.3.7  Benign Lesions at SWE
Most fibroadenomas are soft on SWE making 
SWE a useful technique in differentiating benign 
from malignant breast masses (Fig.  5). Larger 
fibroadenomas can be stiff, possibly due to pres-
sure on the capsule from enlarging lesions 
(Elseedawy et  al. 2016). Fibrocystic disease, 
hamartomas, and lipomas are usually soft. Fat 
necrosis, papillomas, and radial scars have vari-
able stiffness while infection is usually very stiff. 
The “black hole” seen within cystic lesions can 
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Fig. 2 SWE image of a grade 1 ductal carcinoma of no specific type in a 67-year-old woman showing the ring sign

be useful in differentiating cysts with echogenic 
contents from solid lesions.

2.3.8  Malignant Lesions at SWE

2.3.8.1 DCIS
About 50% of DCIS lesions are stiff and 50% 
are soft. DCIS is rarely very stiff and is much 
less stiff than invasive breast cancer. This is 
why SWE has been shown to be useful in pre-
dicting an invasive focus when an US-guided 
core biopsy has shown DCIS (Shin et al. 2019). 
SWE is very useful in identifying small inva-
sive foci in large areas of DCIS. Encysted pap-
illary cancers although classified as in situ 
disease are of similar stiffness to invasive can-
cers, suggesting that tumor stromal interactions 
in these tumors are akin to those seen with inva-
sive cancer.

2.3.8.2 Invasive Cancer
Overall 95% of invasive cancers are stiffer than 
commonly used threshold values for SWE 
(Fig.  6). Around 98% of symptomatic invasive 
cancers are stiff compared to 75% of screen- 
detected cancers. This is why SWE is most useful 
in patients with symptoms compared to asymp-
tomatic patients.

Stiffness at SWE has been shown to be associ-
ated with many pathological variables. The stron-
gest association is with invasive size. Around a 
quarter of subcentimeter cancers are soft. Some 
have advocated using lower cutoff values for 
Emean and Emax when assessing small lesions 
(Shang et  al. 2019). High-grade cancers are 
stiffer than low-grade cancers even when correct-
ing for size (Zhu et al. 2018a).

Ductal and lobular cancers have similar stiff-
ness. This makes SWE particularly useful in detect-
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Fig. 3 3D SWE image of a grade 2 lobular cancer in a 76-year-old woman showing peripheral shell-shaped stiffness

ing lobular cancers as all other breast imaging 
modalities have poorer detection of lobular cancers 
compared to ductal cancers. It has been reported 
that SWE may have a role in sizing lobular cancers 
preoperatively. SWE has high sensitivity in the 
detection of lobular cancers in women with symp-
toms where negative US and mammographic find-
ings are not uncommon (Sim et al. 2015).

Basal phenotype high-grade ductal cancers 
are particularly stiff. These are cancers which can 
be easily mistaken for fibroadenomas at gray-
scale US examination as they often have well- 

defined margins and distal bright-up. This may be 
why US screening in BRCA 1 carriers has such 
poor sensitivity. Marked stiffness at SWE in these 
circumstances is often the finding leading to a 
correct diagnosis.

Many tubular cancers are soft which is why 
small screen-detected cancers are frequently soft 
(Evans et al. 2016). Many small low-grade can-
cers have a subtle halo of stiffness (the ring sign) 
which can alert suspicion even if the quantitative 
SWE parameters do not reach the threshold val-
ues to diagnose malignancy.
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Fig. 4 SWE image of normal breast tissue in a 57-year-old woman. Note similar stiffness of fat and breast 
parenchyma

2.3.9  Benign Malignant 
Differentiation

The characteristic features on grayscale US of 
low-grade cancers and the stiffness of high-grade 
cancers on SWE mean that the two techniques 
are complementary in benign/malignant differen-
tiation. The high-grade cancers missed by gray-
scale US are detected on SWE while the 
low-grade cancers missed on SWE are diagnosed 
on grayscale US.

In clinical practice SWE is most useful in 
upgrading BI-RADS 3 lesions to BI-RADS 4a 
and downgrading BI-RADS 4A lesions to 
BI-RADS3; this has been confirmed by a number 
of meta-analyses (Luo et al. 2018). If a lesion has 
BI-RADS3 grayscale appearances and is soft at 
SWE the malignancy rate is <1% and in a pub-
lished series of over 700 symptomatic breast 
masses no cancers had benign grayscale and 

SWE features (Giannotti et al. 2016). Given these 
facts, short-term follow-up of BI-RADS 3 lesions 
which are also soft on SWE is not required and 
could bring about considerable saving of health- 
care costs and be more convenient and reassuring 
for patients.

SWE has also been shown to be useful during 
second-look US after lesion detection on MRI, 
allowing a number of benign lesions to avoid 
biopsy (Au et al. 2019).

2.3.9.1 Nodal Metastasis and SWE
Nodal metastases from breast cancer are not 
much stiffer than normal nodal tissue probably 
due to the limited stromal reaction to tumor cells 
in lymph nodes. This makes SWE of axillary 
nodes in breast cancer patients less accurate than 
determining the nature of a primary breast lesion 
(Zhao et al. 2018).
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Fig. 5 Typical image of a fibroadenoma at SWE showing uniform soft appearance in a 26-year-old woman

The stiffness of the primary tumor on SWE is 
however a powerful predictor of nodal metastases 
even when corrected for tumor size, tumor grade, 
and vascular invasion status. The nodal metasta-
sis rate in tumors which have a mean stiffness 
less than 50 kPa is only 5% while in tumors with 
a mean stiffness of over 200 kPa the nodal metas-
tasis rate is around 40%. The reason why stiff 
tumors have a high rate of nodal metastasis is 
because the activated stroma seen in stiff tumors 
promotes neo-angiogenesis and stromal invasion 
which are required for nodal metastasis to occur 
(Evans et al. 2014). In the future stiffness of the 
primary tumor could be included in an algorithm 
to identify patients at very low risk of axillary 
metastasis who may be spared axillary surgery.

2.3.10  SWE Elastography in Women 
Receiving Neoadjuvant 
Chemotherapy (NACT)

A number of studies have shown that tumors 
which are stiff on SWE are more resistant to 

NACT than breast cancers which are soft. The 
association though definite is quite weak and 
patients should not be denied NACT because 
their cancer is stiff at SWE. The reason for this 
association is linked to the important part tumor 
stromal interactions have in defining the response 
of breast cancer to NACT. A number of studies 
have shown that stromal gene signatures are as 
important in predicting resistance to NACT as 
epithelial gene signatures. Given that stromal 
gene signatures influence collagen production, 
turnover, and structure, it is not surprising that 
stiffness at SWE has an association with response 
to NACT.

A number of studies have shown that changes 
in stiffness from baseline at interim and at the end 
of the treatment are helpful in predicting the 
response to NACT at the end of the treatment 
(Shin et  al. 2019; Evans et  al. 2018b) (Fig.  7). 
This is because tumor-free areas of fibrosis in 
women whose tumors have had a pathological 
complete response appear to be softer than 
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Fig. 6 Typical image of a ductal carcinoma of no specific type of SWE stiffness most marked at the tumor stromal 
border. The lesion was grade 3 and the patient was a 46-year-old woman

masses containing residual tumor. SWE is par-
ticularly helpful at interim scanning where it out-
performs both grayscale US and standard MRI 
assessment in predicting final pathological 
response (Evans et al. 2018a). At the end of the 
treatment, MRI is the most useful in predicting 
response but a reduction in stiffness at SWE and 
US diameter combined is not statistically inferior 
to standard MRI assessment.

SWE also has the advantage over MRI in 
terms of cost, time, and convenience and 
availability.

2.3.11  SWE and Neoadjuvant 
Hormone Therapy

Little has been published on this topic but the 
author has found no relationship between the 
baseline stiffness of invasive breast cancer and its 
response to neoadjuvant hormone therapy. It is 
not clear whether SWE adds to the accuracy of 
response assessment by grayscale ultrasound.

2.3.12  SWE and the Prognosis 
of Breast Cancer

As has been previously mentioned increased 
stiffness of breast cancer is associated with many 
known poor prognostic factors such as large inva-
sive size, nodal involvement, high histological 
grade, and lympho-vascular invasion. In addition 
stiffness at SWE is associated with resistance to 
chemotherapy.

Unlike these classical prognostic factors 
which are only fully available following resec-
tion of the cancer, stiffness at SWE is available 
preoperatively. It has recently been shown that 
stiffness at SWE is a strong prognostic factor and 
that it is independent of other preoperative prog-
nostic indicators such as ultrasound size, core 
biopsy grade, preoperative nodal status, ER sta-
tus, and presentation (screening or symptomatic) 
(Evans et  al. 2018c) (Fig. 8). It is possible that 
stiffness at SWE could be part of a preoperative 
prognostic index which could be used when con-

Breast Ultrasound: Advanced Techniques



122

sidering the appropriateness of neoadjuvant sys-
temic therapy.

2.3.13  Fibroepithelial Lesions
Whilst most fibroadenomas are soft, a proportion 
of particularly larger lesions are stiff. There is a 
gradual rise in average stiffness from fibroadeno-
mas, through benign and indeterminate phyllodes 
tumors to malignant phyllodes tumors. Most 
breast sarcomas are very stiff.

2.3.14  Unusual Breast Malignancies
Metastases to the breast are less stiff than inva-
sive breast cancers. Lymphoma and leukemia are 

also often soft or only slightly stiff. This is prob-
ably because these malignancies are associated 
with either no or minor stromal reactions.

3  Ultrasound Assessment 
of Lesion Vascularity

3.1  Doppler

Color and power Doppler are routinely used dur-
ing breast US examinations. Their main use is to 
differentiate between a cyst with echogenic con-
tents and a solid lesion which requires biopsy. 

Fig. 7 (a) Pre-chemotherapy image of a grade 3 triple- 
negative carcinoma in a 53-year-old woman showing stiff-
ness at SWE. (b) Interim SWE imaging after three cycles 

of chemotherapy showing a residual mass but no residual 
stiffness. At completion of chemotherapy the patient had a 
complete pathological response

a
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Other uses include differentiating a solid intra-
cystic filling defect due to a cancer or papilloma 
from mass-like debris and identifying pus in 
women with breast infections prior to aspiration.

In the past, Doppler was used to aid benign/
malignant differentiation of solid breast lesions 
as cancers have more central/penetrating vessels 
than fibroadenomas which often have vessels 
around the capsule of the lesion. A recent study 
showed that the sensitivity, specificity, PPV, and 
NPV of the presence of intratumoral penetrating 
vessels in predicting malignancy were 76.5%, 
80.0%, 76.5%, and 80.0%, respectively (Ibrahim 
et al. 2016). Quantitative indices showing differ-

ences between malignant and benign lesions 
include peak blood flow velocity (Vmax), resis-
tance index (RI), pulsatility index (PI), and blood 
flow classification (Song et al. 2020). Decreased 
RI and increased Vmax have been shown to be 
correlated with angiogenesis, proliferation, and 
tumor suppression in breast cancer (Niu et  al. 
2019).

A recent study showed that color Doppler had 
a sensitivity of 81.8% and specificity of 66.2% 
with AUC of 0.78. Color Doppler scoring 
detected malignant lesions with a diagnostic 
accuracy of 48.0% and did not improve on gray-
scale assessment (Ranjkesh et al. 2020). The use 

b

Fig. 7 (continued)
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Fig. 8 Kaplan-Meier survival plots for 1100 patients according to tertiles of stiffness at SWE at diagnosis

of core biopsy and overlap of the Doppler fea-
tures of benign and malignant breast lesions has 
meant a decline in the use of Doppler to aid 
benign/malignant differentiation.

3.2  Contrast-Enhanced 
Ultrasound

Contrast-enhanced ultrasound (CEUS) is a tech-
nique which uses a bolus intravenous injection of 
microbubble contrast agents to enhance vessel 
conspicuity of US examination. The use of 
contrast- specific examination modes and second- 
generation contrast agents has led to a resurgence 
of interest in CEUS and the breast. These low- 
solubility gases circulate in the blood with a more 
marked and longer signal enhancement, allowing 
more detailed evaluation. CEUS allows both 
quantitative and qualitative evaluation of lesion 
vascularity (Park and Seo 2018).

The use of CEUS has been shown to improve 
the diagnostic performance of breast ultrasound. 
Its use in detecting early response of breast can-
cer to neoadjuvant therapy looks encouraging 
(Jia et al. 2019).

3.3  Superb Microvascular 
Imaging

Superb microvascular imaging (SMI) is a new 
ultrasound technique which shows lesion vascu-
larity with a similar clarity to that seen when 
using intravascular US contrast agents. SMI is a 
Doppler technique that adopts an advanced filter 
system to separate low-flow signals from arti-
facts. SMI provides two modes of vascular imag-
ing: color and monochrome. It has been shown to 
improve benign/malignant differentiation of solid 
breast lesions and is complementary to the use of 
SWE (Zhu et al. 2018b).
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Quantitative analysis of tumor vascularity 
recently became possible by calculating the vas-
cular index. The vascular index is the ratio 
between the pixels for the Doppler signal and 
those for the entire lesion. Such quantification 
may be useful in determining the early response 
of cancer to neoadjuvant systemic therapy.
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Abstract

Automated breast ultrasound (ABUS) has pri-
marily been developed as a screening tool for 
dense breasts. It makes use of a wide trans-
ducer and a standardized acquisition protocol 
in order to create reproducible evaluations of 
the breasts. This enables image acquisition by 
technicians and batch reading of screening 

examinations. The documented yield in a 
screening setting is between 2 and 7 per 1000 
examinations. Unfortunately, using ABUS for 
screening will also yield substantial amounts 
of previously undetected benign lesions that 
are somewhat more difficult to classify than 
lesions observed on standard handheld ultra-
sound. It is therefore essential to use all avail-
able information to accurately classify a breast 
lesion in order to prevent too many false- 
positive examinations. ABUS can also be used 
to stage breast cancers, as it provides a very 
nice overview of the breast structure, com-
monly better showing the extent of a cancer 
than conventional ultrasound techniques. 
However, it should be noted that diffuse 
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lesions and particularly extensive intraductal 
components are sometimes still hard to see on 
ABUS examinations. Finally, AI applications 
are under development to increase the ease of 
evaluation of ABUS studies. While they are 
currently not yet as good as human observers, 
they may already be used to increase the speed 
of evaluation without reducing the examina-
tion accuracy.

1  Technique

Automated breast ultrasound (ABUS) was devel-
oped as a method for systematic evaluation of the 
breast using ultrasound. It is a modification of 
handheld ultrasound that is primarily a targeted 
technique. Early implementations of this idea 
consist of a standard transducer in a bag of water 
that is moved over the breast by a mechanical 
arm. The first prototype systems were already 
developed by the late 1960s (Dempsey 2004).

Only recently ABUS systems have become 
commercially available. The major difference 
between the early systems and the currently 
available commercial systems is that the trans-
ducer has been adapted for the specific task of 
whole-breast evaluation (Shin et al. 2015).

To this end, the transducers have become 
much wider to cover a large section of the breast 
at once. In addition, one of the vendors has cre-
ated a slightly convex transducer in order to bet-
ter fit the breast shape. Most systems make use of 
a frame that is positioned on the breast with the 
woman in a supine or slightly rotated position in 
order to optimize the transducer-skin contact sur-
face. The dedicated transducer is subsequently 
automatically moved within the frame. In order 
to ensure good skin contact a relatively fluid 
lotion (as opposed to the more sticky ultrasound 
gel) is used (van Zelst and Mann 2018).

To set the depth and focus of the ABUS 
machine the breast cup size is entered. The used 
high-frequency transducers (up to 14 MHz) pro-
vide decent image quality up to 6 cm in depth, 
which is sufficient for most breasts in this 
position.

Currently none of the ABUS techniques 
allows imaging of the whole breast in one sweep. 
Instead, several sweeps over the breast are 
required to image all tissue. Standard views 
include an anterior-posterior view, centered on 
the nipple; a lateral view, which includes the axil-
lary tail; and a medial view (Fig. 1). It is advis-
able to include the nipple in all views as a point 
of reference, and also because the nipple-areolar 
complex may cause significant shadowing and 
consequently the breast area behind the nipple 
may be difficult to evaluate. In women with large 
or relatively firm breasts, the upper and lower 
central parts of the breast may not be entirely 
covered by the three views above, and conse-
quently additional superior and/or inferior views 
may be obtained. Each obtained view consists of 
a volume of approximately 300–400 stacked 
transversal images of the breast, with a slice 
thickness of about 0.5 mm. Acquiring one view 
takes approximately 1  min. Hence a bilateral 
examination takes at least 6  min plus the time 
needed for positioning. However, the standard-
ized protocols for the acquisition of bilateral 
ABUS allow image acquisition by non- 
radiologists after a short training course, which 
reduces interobserver variability and dependence 
of the technique on experience (Barr et al. 2017). 
It also enables current-prior comparison and 
allows for batch reading of screening examina-
tions (Fig.  2). ABUS acquisition is in general 
well tolerated by women, and is regarded as 
being less uncomfortable than mammography by 
the majority of women (Smith et al. 2019), albeit 
particularly in very thin women the examination 
can still be painful.

2  Image Evaluation

To read ABUS images, the use of a dedicated 
workstation for image evaluation is strongly 
advised. This workstation should allow multipla-
nar reformatting of the volumetric views (van 
Zelst and Mann 2018). Especially the coronal 
plane has been shown very useful for image 
interpretation, speeding up the assessment and 
improving the differentiation between benign 
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Fig. 1 A typical ABUS scan consists of three views per 
breast: a lateral, an anterior- posterior, and a medial view. 
Images are obtained axially and can be reconstructed in 
coronal and sagittal orientations. This image shows the 

three typical views of the right breast in axial (top) and 
coronal (bottom) orientation. There is a small cyst present 
visible in both the AP and medial views

and malignant lesions (Chae et  al. 2015). The 
latter is mainly achieved by evaluating the rela-
tion of the lesion and the surrounding tissue; a 
desmoplastic reaction leading to spiculation, as 
commonly observed in malignant lesions, is rel-
atively well depicted in this plane. Sagittal 
reconstructions are useful for the determination 
of tumor extent and the differentiation of real 
lesions and artifacts. After a short learning curve 
the reading time for a bilateral ABUS acquisition 
amounts to between 2 and 9 min per case (Chae 
et al. 2015; van Zelst et al. 2018; Skaane et al. 
2015).

2.1  Normal Findings and Artifacts

ABUS enables an excellent overview of the 
breast composition and therefore allows determi-
nation of the amount of fibroglandular tissue 
within the breast in a similar fashion as breast 

MRI. While no formal categories for ABUS have 
been designated, these can be reported in analogy 
to the MRI lexicon (i.e., almost entirely fatty, 
scattered fibroglandular tissue, heterogeneous 
fibroglandular tissue, and extreme fibroglandular 
tissue) rather than using the terminology designed 
for handheld breast ultrasound that describes 
more a focal appearance of fibroglandular tissue 
in the evaluated portion of the breast (Moon et al. 
2011a; Chen et al. 2016).

The composition of the breast also leads to 
some artifacts that are common in ABUS, and 
that one must learn to discern from true lesions. A 
common finding is strong shadowing behind the 
nipple-areolar complex. In handheld ultrasound 
angulating the transducer usually solves this. 
However, with ABUS that is obviously not pos-
sible. Consequently, assessment of this area in 
multiple views is mandatory to improve the sen-
sitivity for lesions in this area (van Zelst and 
Mann 2018).
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Fig. 2 When the same views are structurally obtained it 
is possible to compare ABUS scans to prior acquisitions 
easily. In this case the AP view of the left breast of the new 
ABUS acquisition is shown in the lower frames (axial, 

coronal, and sagittal from left to right), whereas the exam-
ination from 1 year ago is shown in the upper frames. The 
resemblance is remarkable

Likewise Cooper’s ligaments may cause 
“wandering shadows” throughout the breast. 
These are caused by the tangential orientation of 
the ligaments to the transducer; shadows are 
strongest when the angle is approximately 45°. 
The shadows obviously follow the ligaments, and 
therefore “wander” through the breast, which can 
be used to differentiate them from true lesions. 
This phenomenon is also not common in hand-
held ultrasound, as the operator is usually capa-
ble of angulating the transducer in such a way 
that the ultrasound beam is perpendicular to the 
ligament.

Other typical artifacts of ABUS are caused by 
respiration, and may distort the dorsal coronal 
reconstructions, as the findings in these images 
may then in reality not be present at the same 
depth. This is best seen as a sort of sinusoidal 
wave pattern in the sagittal reconstructions. To 

avoid this type of artifact it is important to instruct 
women to breath shallowly during the acquisi-
tion, and avoid talking.

A particular problematic artifact that may 
sometimes be present is a skipped lesion (Fig. 3). 
This may occur when a relatively loose lesion in 
the breast is located relatively close to the skin. 
The motion of the transducer will push the lesion 
ahead of the transducer, since the surrounding tis-
sue is easier to compress. At a certain point in 
time, the lesion cannot be pushed further and 
slips under the transducer to the other side. In the 
worst case, the lesion is subsequently not visual-
ized at all, albeit this happens only rarely. 
Nonetheless one should be aware of the possibil-
ity and when a clearly palpable lesion is not seen 
repeat a handheld ultrasound examination of the 
palpable finding. In general the most common 
reason for non-detection of lesions is shadowing 
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Fig. 3 Lateral ABUS view of the right breast. There is a 
large cyst present just subcutaneously. This has caused a 
“jump artifact.” Due to the stiffness of the lesion, the 
transducer motion is temporarily blocked; subsequently, 

the transducer jumps forward, and hence a small part of 
the breast is not imaged. This effect is best seen in the 
sagittal view (lower right corner)

due to fibrotic tissue, or a very peripheral lesion 
location (van Zelst and Mann 2018; Grubstein 
et al. 2017).

2.2  Characteristics of Breast 
Lesions

Since ABUS is essentially just b-mode ultra-
sound, lesions can be evaluated in a similar man-
ner as when using conventional breast ultrasound 
(Figs. 4, 5, and 6). Lesions are evaluated by their 
shape, margin, internal echo pattern, orientation, 
presence of an echogenic halo, and effect on the 
surrounding tissue (Choi et al. 2018; Vourtsis and 
Kachulis 2018).

In ABUS, large numbers of small, oval, cir-
cumscribed horizontally oriented lesions with a 
relatively uniform hypoechoic internal ultra-
sound pattern are present. These lesions corre-

spond to small cysts that appear not entirely black 
due to the simple fact that the imaging settings 
are not optimized for their specific evaluation. 
Hence, they may be either present in a tangential 
orientation or imaged just out of focus. Albeit it is 
impossible to recall all these tiny cysts, some 
small, but highly aggressive, cancers may have a 
similar appearance, and may therefore poten-
tially be overlooked. Close evaluation of mor-
phological features (e.g., shape and orientation) 
may facilitate accurate lesion classification (van 
Zelst et al. 2017a).

The coronal plane also provides handholds for 
improving the accuracy of lesion classification. 
In this plane the effect of a lesion on the sur-
rounding tissue is well appreciated. Malignant 
lesions are in general attached to the surrounding 
tissue and consequently a spiculation and retrac-
tion pattern are typically observed around malig-
nant lesions, whereas this is not present around 
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Fig. 4 Lateral view of the left breast of a 53-year-old 
woman. There is an oval, sharp, homogeneous mass pres-
ent within the crosshair. This is a typical (biopsy-proven) 

fibroadenoma. Note the resemblance with the typical 
appearance of fibroadenomas on handheld ultrasound

benign lesions (Van Zelst et al. 2015; Zheng et al. 
2015) (Fig. 6).

It should be noted that such a retraction pat-
tern is most visible in relatively indolent tumors; 
that is, it is strongest in luminal A cancers, and 
least strong in triple-negative cancers, leading to 
a lower sensitivity for more aggressive cancers 
than that for more indolent cancers, as is also 
commonly reported for other anatomy-based 
imaging techniques (in particular mammogra-
phy) (Zheng et al. 2017; van Zelst et al. 2017b). 
Larger cysts, which present as well- circumscribed 
oval black lesions and fibroadenomas (oval 
hypoechoic well-circumscribed masses), usually 
show no retraction at all. Obviously, a very strong 
retraction pattern is observed around scars 
(Fig. 7). However, in general there should be no 
central mass in pure scars, and it should be pos-
sible to follow the lesion to the skin (usually very 
well visible in the most anterior coronal slice).

The accuracy of lesion classification using 
ABUS has been reported to be similar to that of 
handheld ultrasound (Barr et al. 2017; Choi et al. 
2018; Golatta et al. 2013), albeit in some studies 
the classification properties of ABUS seem even 
better than those of handheld ultrasound, likely 
due to the visualization of architectural distortion 
in the coronal plane (Vourtsis and Kachulis 2018; 
Zhang et al. 2018).

3  Potential in Screening

ABUS is primarily designed as a supplemental 
screening tool for women in whom mammo-
graphic screening is insufficient. In particular 
women with a relatively large amount of fibro-
glandular tissue, i.e., dense breasts (mostly 
younger women), are at risk of having breast can-
cer that is not recognized during mammographic 
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Fig. 5 Thirty-seven-year-old woman presenting with a 
palpable lump in the right breast. This is a zoomed-in AP 
view of the symptomatic area showing a small oval mass 
with slightly angulated margins and no posterior acoustic 

features. Note that in the coronal view there is no effect of 
the lesion on the surrounding breast parenchyma. This 
turned out to be a small fibroadenoma on biopsy

screening (Wanders et  al. 2017a; Weigel et  al. 
2017). Large compact patches of fibroglandular 
breast tissue may mask underlying breast cancers 
on a two-dimensional mammogram (Wanders 
et al. 2017b). The sensitivity of population-based 
mammographic screening in women with 
extremely dense breasts is reported to be as low 
as 61% with an interval cancer rate of 4.4% com-
pared to 85.7% and 0.7%, respectively, for 
women with fatty breasts in the population of 
women at average risk for the development of 
breast cancer (Wanders et al. 2017b).

There is mounting evidence that supplemental 
breast US detects two to five mammography occult 
early-stage breast cancers per 1000 screens in 
asymptomatic women with dense breasts at vari-
ous risk levels in a wide range of ages (Berg et al. 
2008; Ohuchi et al. 2016; Buchberger et al. 2018; 
Kolb et al. 2002). In addition, early reports indi-

cate that detecting mammographically occult can-
cers with breast US reduces the number of interval 
cancers in subsequent screening rounds in women 
with dense breasts (Ohuchi et  al. 2016; Corsetti 
et al. 2011). Similar to handheld breast US, sup-
plemental ABUS screening has also been shown to 
detect mammographically occult early- stage 
breast cancers (2–7 per 1000 screening rounds) 
(Vourtsis and Kachulis 2018; Wilczek et al. 2016; 
Brem et al. 2015; Choi et al. 2014; Giuliano and 
Giuliano 2013) (Fig.  8). The large advantage of 
ABUS over handheld ultrasound in this setting is 
that the examinations can be obtained by a radiog-
rapher and read-in batches, improving the effi-
ciency of ultrasound screening, as initial studies 
reported approximately 31-min evaluation time 
for bilateral handheld ultrasound in screening 
(Berg et al. 2008). The systematic evaluation of the 
breast also allows much easier comparison of 
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Fig. 6 Lateral view of the right breast of a 62-year-old 
woman with heterogeneously dense breasts. She pre-
sented with a palpable mass. There is an oval mass with 
irregular margin visualized at the location of the abnor-

mality. Note the spiculation within the surrounding tissue, 
which is most evident at the coronal view. This turned out 
to be a 2 cm Her2+ invasive ductal carcinoma

obtained acquisitions to prior images, although the 
actual value of this in clinical practice has not yet 
been shown. It has been reported that supplemen-
tal ABUS reduces the frequency of advanced can-
cers, when compared to mammography screening 
alone (31% vs. 40% reduction as compared to no 
screening, respectively) (Grady et al. 2017). The 
downside of supplemental screening with either 
handheld US or ABUS is that it also leads to an 
increase in recalls for benign abnormalities 
(Vourtsis and Kachulis 2018; Wilczek et al. 2016; 
Brem et al. 2015; Choi et al. 2014; Giuliano and 
Giuliano 2013). In this respect it should be noted 
that supplemental ultrasound screening, either by 
hand or with ABUS, appears to have very limited 
value in women screened with MRI, as it mainly 

leads to an increase in false-positive recalls (Mann 
et al. 2019).

4  Potential in Staging 
and Therapy Monitoring

The helicopter view of the breast that is provided 
by ABUS also enables capturing large cross sec-
tions of cancer in one plane, which can be used for 
the estimation of disease extent. In initial pilot 
studies the performance of ABUS for size and 
volumetric assessment is as good as that of breast 
MRI (Clauser et al. 2014; Lagendijk et al. 2018), 
although a larger and more recent study showed 
that ABUS improved upon handheld ultrasound 
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Fig. 7 AP view of the left breast in three directions. This 
46-year-old woman had a history of prior breast surgery 
for a T1c invasive ductal carcinoma 3 years earlier. There 
is a clear scar present, which is most evident in the coronal 

reconstruction as it gives particularly in this direction a 
large architectural distortion. Note that there is no central 
mass, as such a retraction phenomenon is also commonly 
seen in lower grade malignant lesions

(ICC 0.85 vs. 0.75), but was still worse than breast 
MRI (ICC 0.93) (Girometti et al. 2018a). ABUS 
may miss additional tumor foci and extensive 
intraductal components, as these are less  evident 
in ultrasound acquisitions, even when combined 
with digital breast tomosynthesis (Girometti et al. 
2018b). However, in one study it was stated that 
ABUS is significantly better for the evaluation of 
the extent of pure ductal carcinoma in situ lesions 
than handheld ultrasound (Huang et al. 2016). In 
addition, there are certain advantages in ABUS 
for cancer staging as the acquisition position 
resembles the positioning of the patient at surgery, 
and therefore the findings are easier to transfer to 
the surgical plan than findings from breast MRI.

The overview of the breast also enables the 
use of ABUS for therapy monitoring and response 
prediction in women with breast cancer treated 
with some form of primary systemic therapy. 
Available studies are currently very small, but it 

was reported that mid-treatment response evalua-
tions can quite accurately predict eventual patho-
logical complete response, with best results using 
the product of perpendicular diameters in the 
axial or coronal plane. A reduction of 50% or 
more has a sensitivity of 85% predicting pCR 
(Wang et al. 2016). The correlation of ABUS and 
MRI measurements in this setting was shown to 
be good (van Egdom et  al. 2018), whereas 
patients seemed to prefer ABUS over MRI for 
follow-up. However, contradictory results were 
reported in other recent studies in which MRI 
still outperformed ABUS, as well as digital breast 
tomosynthesis and mammography (Park et  al. 
2018; D’Angelo et al. 2019). Overall, it seems of 
paramount importance that more data becomes 
available. At this point in time it seems however 
safe to presume that ABUS is a viable alternative 
to MRI when there are clear contraindications for 
the latter.
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a

b

Fig. 8 Forty-three-year-old woman with very dense 
breasts screened because of familial risk with mammogra-
phy and supplemental ABUS. (a) The AP view of the left 
breast is shown. The top row shows the exam from 1 year 
ago, and the lower row shows the current examination 
(labeled prior 1, because there is also an additional hand-
held examination in the system). In the upper outer quad-

rant of the left breast there is a small irregular mass, taller 
than wide, that seems to distort the surrounding tissue. 
The lesion has clearly grown since the last examination 
(in which it was not recalled). This turned out to be a 
12 mm invasive ductal carcinoma. In (b) the correspond-
ing handheld ultrasound image is shown, which strongly 
resembles its ABUS appearance

5  AI for ABUS

The reading of ABUS can be done behind a com-
puter station and in recent studies takes no more 
than approximately 2–3 min per case (van Zelst 

et  al. 2018; Huppe et  al. 2018); still for breast 
screening this is substantial as the time needed to 
read one screening mammogram is below 1 min. 
This is due to the fact that there are still a lot of 
images that need to be read. Moreover, the pres-
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ence of artifacts and the detection of many benign 
abnormalities such as small cysts make the read-
ing of ABUS error prone. Unsurprisingly, many 
studies therefore have focused on the develop-
ment of automated lesion detection and classifica-
tion techniques for ABUS.  Initial studies were 
mainly aimed at the classification of lesions 
detected by radiologists (i.e., CADx), and showed 
that shape and spiculation features can be used for 
accurate automated discrimination between 
benign and malignant lesions (Moon et al. 2011b, 
2012; Tan et  al. 2012). Other studies aimed at 
automatically segmenting the chest wall from 
ABUS images (Tan et  al. 2013; Huisman and 
Karssemeijer 2007). This has the advantage that 
from the remaining volume a minimum-intensity 
projection can be made, in which cancers, that are 
in general hypoechoic in ultrasound images, stand 
out as dark spots (Fig.  9). Several other more 

recent studies focused on the automated detection 
and segmentation of lesions in ABUS volumes, 
showing high sensitivities at acceptable false-pos-
itive rates (Golatta et al. 2016; Sreekumari et al. 
2016; Kozegar et al. 2018; Liu et al. 2018). In one 
study automated analysis of breast density 
obtained from ABUS images was compared to 
acquisitions from breast MRI, showing a strong 
correlation between these two methods, thus con-
firming that whole-breast density can be inferred 
from these kind of images (Chen et  al. 2016). 
Furthermore a classification system for the auto-
mated detection of ABUS acquisitions of inferior 
quality was presented (Schwaab et al. 2016). Most 
computer-aided detection and diagnosis systems 
are based upon handcrafted features, as the small 
datasets available have prevented extensive use of 
the currently much more successful deep learning 
techniques. An initial study using deep learning 

Fig. 9 AP view of the left breast of a 57-year-old woman 
with a large triple-negative breast cancer. The lesion is 
clearly recognizable in all views. However, to facilitate 
reading an AI-based minimum-intensity projection is pro-

vided in the lower center image. This artificially darkens 
relevant findings and shows all relevant findings of the 
entire image stack in one image, thus allowing faster 
evaluation
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was recently published showing improvement in 
lesion detection over more conventional 
approaches and also released the images for fur-
ther use by the community in order to enable fur-
ther development of such deep learning-based 
systems (Yap et  al. 2018, 2019). Another deep 
learning system was developed to prioritize find-
ings in ABUS in order to allow radiologists to 
read the most suspicious findings first (Chiang 
et al. 2019). So far, however, most artificial intel-
ligence approaches for ABUS have not yet left the 
research field. Still, some studies using a commer-
cially available system that creates intelligent 
minimum-intensity projections using several of 
the abovementioned (feature based) techniques 
have been published. These studies unequivocally 
show that using such a CAD system currently 
already allows for a reduction of the reading time 
while preserving accuracy (van Zelst et al. 2018; 
Jiang et al. 2018; Xu et al. 2018).

6  Future Perspectives

Since ABUS is a relatively new modality, despite 
its long history, there is still a lot of ongoing 
development in this field. For example, recently a 
prone device was evaluated in which a mounted 
ultrasound probe scans the compressed breast in 
a clockwise fashion. Albeit the sensitivity was 
excellent the false-positive rate appears relatively 
high compared to handheld ultrasound (Farrokh 
et al. 2018). It also appears possible to use plane 
waves instead of line-by-line acquisition to dra-
matically speed up the image acquisition process, 
allowing for a single view to be obtained in sec-
onds rather than the current acquisition time of 
about a minute (Hollander et al. 2016).

To enhance specificity several improvements 
are proposed. Already in 2008 the acquisition of 
3D power Doppler volumes was proposed (Hsiao 
et al. 2008, 2009). Modern approaches combin-
ing this with ultrasensitive Doppler may allow for 
the creation of tumor vascular maps (Rocher 
et al. 2018). Likewise, integrating elastography, 
either by adjusting the compression force or by 
using shear waves, may improve the specificity 
of ABUS and reduce the recall rate for benign 

findings (Sigrist et al. 2017). Several prototypes 
have been presented to enable this using auto-
mated breast ultrasound machines (Hendriks 
et  al. 2016; Wang et  al. 2017), albeit currently 
these studies are still phantom based.

A novel technique that has already been tested 
in patients is fusion of digital breast tomosynthe-
sis and ABUS (Schaefgen et  al. 2018; Larson 
et al. 2018). For this, dedicated compression pad-
dles consisting of an US transparent membrane 
have been designed, which allow movement of 
the transducer over the compressed breast. The 
hybrid technique has the advantage that spatial 
co-registration of DBT and ABUS findings is 
ensured, and allows for example immediate dis-
missal of cysts detected on DBT that otherwise 
might have led to recall. Likewise mammographic 
patches of dense breast tissue may be scrutinized 
in detail for breast cancers that might otherwise 
be masked. Current issues, however, are that the 
compressed breast may be somewhat thicker than 
in a supine patient and ultrasound penetration 
might therefore be somewhat limited. Moreover 
compression is prolonged due to the slow motion 
of the US transducer. In addition, due to the cur-
vature of the breast, some areas are not entirely 
covered by the US probe. Consequently, further 
developments are required before this technique 
can become clinically feasible.
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Abstract

With increased numbers of screening examina-
tions and awareness of women regarding sus-
picious clinical findings, the number of lesions 
requiring further assessment increases. In 
addition, the average size of a detected lesion 
decreases, and reliable imaging modalities for 
guiding further procedures are required.

After the successful detection of a lesion of 
concern in various modalities for breast imaging 
like US, MRI, mammography, tomosynthesis, or 
contrast-enhanced mammography, a histological 
proof of the nature of this lesion is necessary.

As open surgical biopsy has been the method 
of choice in former days, minimally invasive 
procedures have come into focus and are rec-
ommended now for providing histological 
proof and information for operative or neoadju-
vant therapy planning (Wallis et al., Eur Radiol 
17(2):581–588, 2007; Perry et al., European 
guidelines for quality assurance in breast can-
cer screening and diagnosis, 2006; Helbich et 
al., Eur Radiol 14(3):383–393, 2004; Bick et 
al., Insights Imaging 11(1):12, 2020).

Due to different approaches in the treat-
ment of breast cancer, surgery is no longer 
always the first line of treatment. Preoperative 
minimally invasive assessment of a carcinoma 
is requested to get further information about 
the molecular subtype of a lesion in order to 
tailor treatment and avoid unnecessary dam-
age and scarring, or further anxiety due to 
additional general anesthesia (Wallis et al., 
Eur Radiol 17(2):581–588, 2007; Perry et al., 
European guidelines for quality assurance in 
breast cancer screening and diagnosis, 2006).

Additionally, minimally invasive 
approaches are less expensive and are per-
formed in an outpatient setting (Gruber et al., 
Eur J Radiol 74(3):519–524, 2010; Abbate et 
al. Breast 18(2):73–77, 2009).

Ultrasound is a cheap and widely available 
technique, in addition it is quite comfortable 
for women and therefore the working horse in 
the field of breast biopsies. Furthermore, it 
plays a major role in preoperative localization 
of non-palpable lesions and is used more and 

more often to guide vacuum- assisted removal 
of benign lesions and other tumor ablation 
techniques.

In this chapter, we explain how to manage 
ultrasound-guided interventions and provide 
tips and tricks to successfully plan and per-
form ultrasound-guided procedures.

1  Indications

Before starting any interventional breast proce-
dure, the complete imaging workup including 
clinical examination and reviewing all available 
images (e.g., mammography, additional views, 
MRI) has to be finalized.

If an imaging finding results in a BI-RADS 4 
or 5 assessment category, the probability of 
malignancy is above 2% and a histological diag-
nosis is recommended.

Following the EUREF guidelines, a mini-
mally invasive biopsy should be performed in a 
minimum of 70% of the cases, and open biop-
sies should be avoided. Also, the number of 
unnecessary surgical procedures should be lim-
ited (the benign/malignant ratio should be less 
than 1; possibly less than 0.5) (Wallis et  al. 
2007; Perry et al. 2006). Obtaining the diagno-
sis of malignancy before surgery has several 
advantages:

• The confirmation of the diagnosis makes it 
easier for the patient to accept therapeutic 
proposals.

• Initial surgical or medical treatment can be 
decided upon.

• Neoadjuvant chemotherapy or hormone ther-
apy can be initiated.

• Surgery can be optimized regarding initial 
volume of resection and number of 
reoperations.

• The management of sentinel lymph nodes can 
be planned.

In case of a BI-RADS category 3, usually, 
according to guidelines, a 6-month follow-up is 
recommended.
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A biopsy of a BI-RADS 3 lesion is recom-
mended if new in a breast cancer staging exami-
nation, in high-risk patients, discordant images, 
early pregnancy, or monitoring difficulties.

Also, if the patient is very anxious about hav-
ing breast cancer, a biopsy can be considered, but 
the deviation from the usual protocol as the last 
resort has to be documented.

Furthermore, the lesion has to be clearly iden-
tifiable with the imaging method used for guiding 
the intervention.

2  Biopsy Guidance Method

Even if initially detected by screening mammog-
raphy or MRI, 50%+ lesions are detectable by 
ultrasound, in a second-look examination, and 
therefore suitable for ultrasound-guided interven-
tions/biopsies (Meissnitzer et al. 2009; Spick and 
Baltzer 2014; Park et al. 2013).

2.1  Role of a Second-Look 
Ultrasound

Ultrasound is not necessarily the first imaging 
modality used to detect suspicious lesions. 
Especially in asymptomatic women above the age 
of 50, lesions are usually detected at mammogra-
phy screening. Younger women will usually get 
an ultrasound first, especially if they have suspi-
cious clinical findings. In the high-risk popula-
tion, lesions are mostly detected by MRI (Peter 
et al. 2016; Altobelli and Lattanzi 2014; Murphy 
et al. 2008; Perry et al. 2008; Wockel et al. 2018).

Therefore, before deciding whether ultrasound- 
guided intervention is appropriate, a careful re-
examination of the patient is performed correlating 
initial imaging findings with ultrasound. In up to 
60% of cases, it will be able to correlate lesions 
primarily detected by MRI for example, if you 
know where to look, even if the initial US exam 
was negative (Park et al. 2013; Shin et al. 2007).

2.1.1  Visible at Ultrasound
Findings clearly visible at ultrasound should only 
be biopsied under ultrasound guidance.

2.1.2  Visible at Ultrasound 
and Mammography

Lesions visible at mammography and ultrasound 
can be biopsied with either guidance technique. 
The decision depends on the exact localization, 
lesion features, breast shape, availability of con-
sumables (needles, etc.), costs involved, and 
experience of the examiner. As ultrasound is radi-
ation free, it should be preferred over mammog-
raphy guidance due to the ALARA principle 
avoiding any unnecessary radiation (European 
Society of Radiology 2011).

2.1.3  Visible at MRI
Lesions detected by MRI should always undergo 
second-look ultrasound examination and addi-
tional mammography workup first. If there is a 
clear correlation with the MRI finding, the biopsy 
procedure can be switched. This is quite often the 
case in mass lesions detected by MRI. If the tar-
get lesion at MRI is non-mass enhancement, cor-
relation with ultrasound can be difficult. 
Additional mammography can be helpful to find 
microcalcifications indicating DCIS without cor-
responding US findings. Using more advanced 
US techniques like Doppler and elastography 
(Chapter “Breast Ultrasound: Advanced 
Techniques”) can be of benefit as well (Plecha 
et al. 2014). In general, very small masses, non- 
mass enhancement, invasive lobular cancers 
(ILC), and DCIS are less likely to have an US 
correlate. If the lesion cannot be identified by 
ultrasound, biopsy has to be performed under 
MRI guidance (Park et  al. 2013; Peter et  al. 
2016).

2.1.4  Very Small or Subtle 
Correlating Findings at 
Ultrasound

If there is a subtle US correlation for an MRI- 
detected lesion, or a huge area of 
 microcalcifications at mammography and calcifi-
cations, dilated ducts, or architectural distortions 
visible at ultrasound in the corresponding breast 
area, ultrasound- guided biopsy can be considered 
in certain circumstances (e.g., no access to the 
appropriate biopsy method to avoid delay in 
diagnosis). Such an approach should only be fol-
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lowed by highly experienced multimodality 
breast radiologists.

In all cases with diffusely distributed find-
ings, vacuum-assisted biopsies (VAB) with 
large core needles can be advantageous due to a 
lower underestimation rate compared to regular 
core needle biopsies (Suh et al. 2012; Bae et al. 
2015).

To be able to prove that the correct lesion was 
biopsied, clip marking of the biopsied lesion is 
mandatory. This will help at follow-up examina-
tions and serve as the localizer in case of an 
unclear pathological-clinical correlation. A spec-
imen X-ray can help to identify microcalcifica-
tions, if this was the target.

In addition, very small lesions (5  mm and 
smaller) are likely to be removed at least partially 
during biopsy, or masked by bleeding thereafter, 
so that the area is difficult to reidentify in the 
follow-up.

In all of these cases, clip marking is neces-
sary to verify that the correct target lesion was 
biopsied, in, e.g., a follow-up MRI exam, or to 
enable preoperative localization. As most 
lesions, except non-mass enhancement, quite 
often have a corresponding finding on non-
enhanced images, non-enhanced follow-up MRI 
verifying the clip position can be considered 
(Lee et al. 2018).

It is mandatory to clearly inform the patient 
about an increased risk of missing the target 
lesion and potential subsequent repeat biopsies, 
if the target lesion is only subtly visible at 
US. Guidelines and approaches may vary from 
country to country; therefore, the patient has to 
be informed and it should be documented.

3  Types of Biopsy Procedures

There is a great variety of different biopsy 
devices and procedures available to biopsy 
lesions and assess samples. Depending on the 
examiner’s experience and the expertise of the 
involved pathologist, recommended techniques 
may vary.

3.1  Cytological Sampling

3.1.1  Fine Needle Aspiration (FNA): 
Cytological Sampling

Fine needle aspiration is a very quick and cheap 
procedure, but it requires a highly experienced 
team of radiologists and pathologists working 
side by side in the same room, to keep the num-
ber of insufficient samples low. FNA results in a 
cytological diagnosis. Hence, due to disintegra-
tion of cells, differentiation between invasive and 
in situ cancer is not possible. FNA is not at all 
suitable for assessing microcalcifications.

With a needle of a diameter of less than 1 mm 
(18–27 G) a collection of single cells is sampled 
from a suspicious mass. This can be done either 
by the so-called capillary technique or the aspira-
tion technique. With the “capillary technique,” a 
needle is put into the lesion, then moved back and 
forth, and rotated around its own axis. In the 
“aspiration technique,” a needle is connected to a 
syringe and is put into the lesion, and active aspi-
ration is performed. With these procedures, cells 
are detached from the surrounding tissue, har-
vested, and then directly spread onto a glass slide. 
The cells are immediately assessed by the cyto-
pathologist. Within minutes, information about 
the dignity of the lesion is obtained. Further 
assessment and information about immune- 
histochemical features of the samples are not 
possible.

Fine needle aspiration is mainly used for cysts 
or cyst-like lesions. Nevertheless, some impor-
tant points have to be kept in mind, to be described 
later. Aspiration of symptomatic cysts can offer 
the patient quick pressure and pain relief.

If liquid is obtained, the aspirate should at all 
times be sent for analysis to exclude malignancy 
or infection. If there was a suspicion of a breast 
implant-associated anaplastic large-cell lym-
phoma (BIA-ALCL), due to a newly developed 
severe seroma more than 1 year after operation, 
all of the fluid, not only parts of it, should be sent 
in to give the cytopathologist the opportunity to 
collect cell blocks for proper diagnosis 
(Kricheldorff et al. 2018).
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3.2  Histological Sampling

Histological sampling enables taking tissue cyl-
inders with various calibers and lengths depend-
ing on the equipment used. Especially for 
microcalcifications, the diagnostic accuracy 
improves with increasing tissue volume taken. 
Opposite to fine needle aspiration, core needle 
biopsy requires local anesthesia, the histologi-
cal workup needs more time, and diagnosis is 
not immediate. Even if the procedure is more 
invasive, it is generally well or very well 
tolerated.

Tissue samples should be handled very care-
fully and manipulated as little as possible. Ideally, 
tissue samples can be placed into pathology cas-
settes immediately and fixed in formalin. The 
pathological workup includes embedding the 
specimen into paraffin, then slicing, and applying 
different staining for diagnosis of type of tumor, 
differentiation, grading, receptor status, and 
immunological or genetic markers. This compre-
hensive pathological information enables the best 
treatment choice for each individual patient; this 
is the biggest advantage compared to FNA. False 
positives happen very rarely.

3.2.1  Core Needle Biopsy: 
Histological Sampling

Core needle biopsy is the standard and most fre-
quent percutaneous biopsy method, first reported 
in the late 1970s and increasingly used since the 
first study of Parker et al. in 1993 (Roberts et al. 
1975; Parker et  al. 1993). Different needle sys-
tems usually with diameters between 14 and 
12 G are used.

These special needle systems consist of an 
internal component which has a notch to collect 
the tissue and a sharp outer hollow part cutting 
the tissue into the needle (see Fig. 1).

Sensitivity increases proportionally with core 
needle size. Also, the length of the specimen cor-
relates with the sensitivity increase (Lai et  al. 
2013). The general recommendation is to use a 
minimum of 14 G needles and length of core of 
20 mm.

Recommendations for the number of samples 
vary and depend on the authors. Some consider two 
specimens to be sufficient, while others recommend 
at least five. On average, 3–6 samples are optimal 
depending on the quality of the samples; an intact 
specimen of at least 1 cm is considered adequate 
(Evans et al. 2018). Diffusely growing lesions need 
more samples than compact growing ones. The 
most important thing is that the samples are repre-
sentative (Perry et al. 2008; Liberman 2000).

The cutting is done automatically or 
semiautomatically.

The semiautomatic approach can be advanta-
geous if you want to have perfect control of your 
needle tip. Especially if the lesion is located very 
close to the chest wall or in the axilla, the biopsy 
needle can be prepared to be put half-tensioned 
and half-open directly into the lesion to get the 
sample without shooting the needle uncontrolled. 
In addition, it is possible to optimize the notch 
position after firing only the inner part of the nee-
dle first, before cutting the tissue (see Fig. 2).

The equipment is relatively cheap and the 
examination quick; in experienced hands, it lasts 
for approximately 15 min.

Even if this method is causing more tissue 
damage than fine needle aspiration, it is the cur-
rent standard of care because it allows for nearly 
the whole pathological workup, including 
immunhistochemistry (e.g., receptor status), thus 
optimizing therapy planning.

The bleeding risk is judged as low (Patel et al. 
2012).

Fig. 1 Typical core biopsy needle with open and closed 
notch
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a b

Fig. 2 Notch repositioning: Needle tip just at the border 
of the lesion in a; after pushing forward under image con-
trol, correct notch position with centered suspicious lesion 

(b). Especially in very hard lesions, it can happen that 
they are pushed away and the biopsy is not sufficient as a 
result

3.2.2  Vacuum-Assisted Biopsy: 
Histological Sampling

In the last decade, the role of vacuum-assisted 
biopsy (VAB) has become more and more impor-
tant (Hahn et al. 2012; Parker and Klaus 1997).

Needles used for vacuum-assisted biopsies 
show larger dimensions—usually in the 7–13 G 
range—even larger than the ones used for core 
needle biopsy. Using vacuum needles, the tissue 
is sucked into a cavity and then cut by a rotating 
hollow external needle part. Through the internal 
needle part, the specimen is taken out and col-
lected without removing the needle. By rotating 
the needle 360°, a much bigger area of tissue can 
be sampled. The total amount of tissue collected 
depends on the size and type of the lesion, if it is 
very stiff or soft and flexible.

With this procedure, it is possible to com-
pletely remove small lesions and also biopsy 
lesions that are growing in a discontinuous pat-
tern. The trauma and bleeding caused by this type 
of procedure are bigger than those with simple 
core needles as described before. Therefore, a 
compression bandage is recommended after the 
procedure.

Regarding the consensus guidelines for peri-
procedural management of coagulation status 
and hemostasis, the risk in percutaneous image- 
guided extra-abdominal and extrathoracic inter-
ventions is low. The bleeding risk of VAB is not 

clearly described in most of the guidelines, but 
most likely it is still a procedure with a low 
bleeding risk (perhaps due to the large needle 
size and greater volume, it comes closer to 
medium bleeding risk). Therefore, risk manage-
ment of low and medium bleeding risks should 
be considered depending on the clinical situation 
(see Tables 1 and 2). The bleeding risk of axil-
lary lymph node biopsy is judged medium to 
high by the British society of breast imaging due 
to the proximity of axillary vessels and difficul-
ties of compression after the procedure and 
therefore using no more than 14G needle is 
recommended.

4  Considerations Regarding 
Lesion Type

4.1  Cystic Lesions

Simple cysts are without any risk of cancer and 
therefore usually not a target for any intervention, 
but some large tender cysts can be very painful. 
In this circumstance, a FNA is possible and offers 
immediate pain release.

Complicated cystic lesions and clustered 
microcysts exhibit a very low risk of malignancy, 
and usually a follow-up (BI-RADS 3) is recom-
mended (Greenwood et al. 2017).
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Table 1 Minimally invasive breast biopsy: Management 
of patients receiving anticoagulation medication (adapted 
from Patel et al. 2012; Jaffe et al. 2015; Patel et al. 2013)

Procedures with low risk 
of bleeding, easily 
detected and controllable

Procedures with moderate 
risk of bleeding

Preprocedural laboratory testing
INR: routinely 
recommended for 
patients receiving 
warfarin anticoagulation 
or known or suspected 
liver disease

INR: recommended

aPTT: routinely recommended for patients receiving 
intravenous unfractionated heparin
Platelet count: not routinely recommended
Hematocrit: not routinely recommended
Management
INR: correct to <2.0 INR: correct to <1.5
aPTT: no consensus aPTT: no consensus (trend 

towards correcting for 
values >1.5 × control)

Hematocrit: no recommended threshold for 
transfusion
Platelets: transfusion recommended for counts 
<50,000/μL
Clopidogrel: withhold for 5 days before procedure
Aspirin: do not withhold
LMWH (therapeutic dose): withhold one dose or 12 h 
before procedure

Management recommendations assume that there is no 
combination of different coagulation defects or anticoagu-
lation drugs
Abbreviations: aPTT activated partial thromboplastin 
time, FFP fresh frozen plasma, INR international normal-
ized ratio, IVC inferior vena cava, LMWH low-molecular- 
weight heparin, PICC peripherally inserted central 
catheter

In the case of so-called complex cystic and 
solid lesions, containing liquid and solid parts, 
the biopsy device has to be chosen wisely. If the 
solid part of the lesion differs significantly from 
the surrounding tissue and would still be visible, 
after the liquid part is gone, a simple CNB can be 
considered. Nevertheless, as intracystic lesions 
are quite often papillomatous lesions, the pathol-
ogist could have difficulties in judging the real 
architecture of the lesion just getting small parts 
after CNB.  Therefore, solely open biopsy for 

these lesions was recommended up until recently. 
VAB is increasingly taking over though, as it 
allows for sampling nearly the whole lesion with 
bigger samples. If a minimally invasive proce-
dure is done, keep in mind to put a clip marker to 
enable locating the area again in the case of a 
malignant or premalignant histopathology result 
(Rogers 2005).

4.2  Solid Lesions

The most frequent and cost-effective way of 
using ultrasound-guided biopsy is the further 
assessment of unclear imaging findings pre-
venting surgery in case of benign histopathol-
ogy. This mainly refers to solid BI-RADS 
category 4 lesions with a 2% to <95% percent-
age of malignancy. On average, the amount of 
malignancies in these groups varies between 
15% and 25% depending on the examiner, and 
therefore open surgical biopsies under general 
anesthesia can be prevented in approximately 
80% of patients.

The biopsy of such a lesion should be done 
using core needles to maintain the integrity of the 
peritumoral environment and still enable a good 
size estimation of the lesion at final pathology 
(Rogers 2005; Charles et al. 2003).

Findings of the BI-RADS category 3 usually 
undergo short-term follow-up after 6 months. By 
definition, the malignancy rate is below 2%.

4.3  Calcifications

Fine pleomorphic or linear calcifications usually 
do not have any ultrasound correlate and should 
be biopsied under mammographic guidance. If 
they are slightly larger, or associated with small 
masses or dilated ducts, they can be found at 
ultrasound as well and therefore US-guided 
biopsy is possible. Due to the discontinuous 
growth of these lesions, VAB is recommended to 
reduce underestimation rate (Suh et  al. 2012; 
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Table 2 Recommendations for withdrawal time and reinsertion of anticoagulants and antiplatelet medications (adapted 
from Jaffe et al. 2015)

Medication

Interval between last dose and 
procedure Resumption after procedure Comments
Low bleeding 
risk

Medium 
bleeding risk

Low bleeding 
risk

Medium 
bleeding risk

Anticoagulants
Warfarin 5 days 5 days 12 h 12 h
UFH (IV) 1 h 4 h 1 h 1 h
UFH (SQ) 4 h 4 h Immediate Immediate
LMWH (SQ) 12 h 12 h 6 h 6 h
Dabigatran 24 h 48 h 24 h 48 h
Rivaroxaban 24 h 48 h 24 h 48 h
Apixaban 24 h 48 h 24 h 48 h
Fondaparinux 24 h 36 h 6 h 6 h
Acova None 4 h 1 h 1 h
Desirudin None 4 h 1 h 1 h
Bivalirudin None 4 h 1 h 1 h
Antithrombotic
ASA, low dose None None Immediate Immediate
ASA, high dose None 5 days Immediate Immediate
ASA and 
dipyridamole

2 days 5 days Immediate Immediate

NSAIDs None None Immediate Immediate Interval before procedure
Cilostazol None None Immediate Immediate
Clopidogrel 5 days 5 days Immediate Immediate
Prasugrel 5 days 5 days 24 h 24 h
Ticagrelor 5 days 5 days 24 h 24 h
Tirofiban No consensus No consensus No 

consensus
No consensus Recent surgery is a 

contraindication (within 4 
weeks)

Eptifibatide No consensus No consensus No 
consensus

No consensus Recent surgery is a 
contraindication (within 6 
weeks)

Abciximab NR NR No 
consensus

No consensus Recent surgery is a 
contraindication (within 6 
weeks)

Abbreviations: UFH unfractionated heparin, SQ subcutaneous, LMWH low-molecular-weight heparin, ASA acetylsali-
cylic acid (aspirin), NSAIDs nonsteroidal anti-inflammatory drugs, NR not recommended

Bae et al. 2015; Cho et al. 2009; Soo et al. 2003; 
Kim et  al. 2008). In general, the likelihood of 
malignancy is higher in microcalcifications with 
an US finding. This has to be kept in mind for 
imaging- pathology correlation (Bae et al. 2015; 
Soo et al. 2003). If findings are subtle, a marker 
has to be placed to be able to relocate the area, 
especially if the lesion could have been removed 
completely with the procedure. Specimen radi-
ography has to be performed to demonstrate 
adequate sampling results with representative 

microcalcifications within the specimens (see 
Fig.  3) (Liberman et  al. 1994). A careful dose 
reduction of the orthogonal two-view control 
mammography, that does not completely blur 
calcifications, can be possible due to the high 
contrast of the clips (Riedl et al. 2005). Looking 
for calcifications at pathology only is not enough, 
as it could contain calcifications not even visible 
in imaging (<100 μm) and therefore it could be a 
false-negative biopsy even if containing calcifi-
cations (Rosen et al. 2002).
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Fig. 3 Correlation of calcification-containing lesions. 
Hypoechoic area with slight distortion and bright speckles 
(a) with hyperperfusion (b) as US correlate for an area of 
mammographic suspicious fine linear segmental calcifica-

tions (c). US-guided biopsy with needle documentation in 
two orthogonal views (d, e). Corresponding heteroge-
neous specimens with dense (white) and fatty tissue (f). 
Calcifications in specimen radiography (g)

5  Patient Information

Depending on national/local legal requirements, 
usually the most common side effects and possi-
ble problems and complications that can occur 
during a biopsy have to be discussed with the 
patient, documented in written form, and signed 
prior to the procedure. In general, complications 
in minimally invasive biopsies are rare, occurring 
in about 1:1000 procedures (Evans et al. 2018). 
Usually, the information about the procedure can 
be processed on the same day (Vosshenrich et al. 
2013).

The patient has to be informed about the 
advantages and disadvantage of the chosen 
approach as well as about possible alternatives, 
especially if using a method that is not part of the 
clinical routine. Some exceptions that can be jus-
tified by the experience of the examiner and the 
circumstances, like doing an ultrasound-guided 
biopsy of calcification due to lack of examina-
tion time on stereotactic devices and to avoid 
delay of treatment. In this case, the patient has to 
be informed that it is not the usual procedure and 
that there is a possibility of a repeat biopsy due 
to undersampling or missing the target lesion at 
all (Suh et  al. 2012; Lai et  al. 2013; Yu et  al. 
2015).

The patient has to be informed that after local 
anesthesia, there will not be anymore pain, but 
that there may still be some sensation. Also, 
inform patients that the biopsy procedures come 
with a special noise when harvesting the 
samples.

Depending on your local/national regulations, 
the most common complications you have to dis-
close are:

• Bleeding
• Bruises
• Pain, esp. if you biopsy close to the nipple
• Infection
• Allergic reaction on any material (disinfec-

tion, local anesthetics, latex)
• Fainting
• Possibility of damage to the chest wall (pneu-

mothorax), heart, or axillary nerve and vessel 
structure

• Clip placement and chance of migration (if 
necessary)

• Possibility of complete removal of a very 
small lesion by core

• Tumor seeding (but no evidence of clinical 
significance) (Liebens et  al. 2009; Santiago 
et al. 2017)
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In general, careful information of the patient 
about the upcoming procedure and management 
as well as time interval until the final results will 
greatly reduce and improve the patient’s coopera-
tion (Humphrey et al. 2014).

5.1  Patient History

Before performing any biopsy, careful patient 
history has to be taken, to prevent any side effects 
or abnormal bleeding that could compromise fur-
ther assessment of lesion size or additional 
lesions and to facilitate imaging-pathological 
correlation and judgment.

5.2  Allergy

It is of special importance getting information on 
potential prior allergic reactions or medications 
of the patient that could influence the outcome of 
our procedure. Allergies to latex or iodine or 
local anesthetics result in a change of material 
used in your daily routine like different gloves 
and covers for the ultrasound probe and iodine- 
free disinfection liquid. In addition, some aller-
gies against metals or proteins have to be cleared 
if you plan to place a clip.

If there is any prior reaction or allergy to ami-
noglycosides, xylocaine can be replaced by 
articaine.

Be prepared prior to starting.

5.3  Anticoagulation Medication 
and Handling

Before starting a biopsy, some contraindications 
have to be kept in mind. These belong mainly to 
blood coagulation.

Elderly people frequently take aspirin or other 
blood-thinning medications due to cardiac prob-
lems or other comorbidities, which have to be 
evaluated before biopsy. Some of these medica-
tions do not compromise blood clotting suffi-

ciently that they should be paused prior to an 
intervention, but others do.

Patients with an increased risk of thromboem-
bolism like arterial fibrillation are usually treated 
with warfarin or new-generation anticoagulation 
medication. Patients with arterial venous disease 
are treated with ASS or clopidogrel, and some-
times also with heparin. Patients with a disease 
desiring anticoagulation therapy are usually 
aware of the increased bleeding risk due to their 
medication. Patients taking aspirin for headaches 
are usually not aware of this risk. Therefore, a 
dedicated questioning for anticoagulation ther-
apy, or medication that could result in thinning of 
the blood, is mandatory.

The aim of taking this respective history is to 
prevent any danger to the patient due to bleeding 
complications. Likewise, the time to intervention 
should not be prolonged unnecessarily. Moreover, 
the damage to a patient from thrombotic or 
embolic complications due to an unnecessary 
pausing of anticoagulation therapy should be 
avoided.

The most common anticoagulating medica-
tions and the recommendations of the peri- 
interventional management including blood tests 
and respective pausing intervals prior to biopsy 
are listed in Tables 1 and 2.

In rare cases, blood tests and special medica-
tion preventing bleeding become necessary.

If there are no diseases and no medication 
requiring anticoagulation, usually a laboratory 
test of the coagulation status can be avoided.

For patients with decreased renal function 
(GFR <50 mL/min) and patients over the age of 
75, 12-h longer time intervals for suspension of 
factor Xa or direct thrombin inhibitor should be 
considered.

5.4  Endocarditis Prophylaxis

If you have patients suffering from defective or 
replaced heart valves, antibiotic prophylaxis is 
necessary. This is usually documented in the 
device pass and known by the patient.
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6  Preparation of the System 
and Material

Not only the patient but also the ultrasound probe 
has to be prepared before biopsy for two reasons: 
first to prevent infections and second to prevent 
the probe from being damaged by the disinfec-
tion liquid. Therefore, the probe has to be cov-
ered by a plastic or latex cover that is sterile or 
can be disinfected (Nyhsen et al. 2017).

All the materials used during the procedure 
should be prepared in advance and arranged (in a 
consistent manner on a table), to allow for a quick 
and smooth procedure. If, during the procedure, 
the technologist has to fetch missing items, 
unnecessary patient anxiety can be the result; 
this, of course, should be avoided.

7  Patient Preparation

After obtaining proper patient history and provid-
ing information, and before starting any patient 
preparation regarding the biopsy, make sure that 
the suspicious lesion can be adequately localized. 
Sometimes, findings are subtle on ultrasound as 
mentioned above. If so, it has to be made clear to 
the patient that there is a chance of missing the 
lesion. In addition, it is necessary to do a marker 
localization to be sure that samples have been 
taken from the suspicious region and to be able to 
correlate the biopsied area with the prior imaging.

Patient positioning is as in a diagnostic ultra-
sound examination. Usually, the patient lies in 
supine position with the arms comfortably ele-
vated above the head. Make sure that the patient 
is able to keep this position for about 20 min.

Depending on the localization of the lesion, it 
can be helpful to lift one or the other side of the 
torso to get better lesion access. Support with a 
towel or special wedge-shaped positioning 
devices can make it easier for the patient to keep 
position.

Prior to disinfection, make sure that the suspi-
cious lesion can be adequately localized and find 

a position where you can hold the probe immo-
bile without “losing” the lesion. In addition, 
think about the biopsy direction and make sure 
that the lesion can be reached with the needle 
without being compromised by any obstacle like 
the belly or the examination bed. It is also impor-
tant that the examiner is positioned comfortably 
using an adjustable chair being able to control 
the biopsy device as well as the ultrasound 
screen and the patient without turning back and 
forth.

Sometimes, excess fat or the patient’s ribs can 
obstruct the intended path to the lesion and 
increase the risk of complications, like a punc-
ture of the chest wall. The access path has to be 
clearly defined prior to the application of local 
anesthesia, since repetitive application may 
cause unnecessary pain and skin damage to the 
patient.

After lesion access is established, it can be 
helpful to place a small skin mark before disin-
fection, to better retrieve the exact localization 
for the local anesthesia application. I recommend 
to do this marking with a plastic needle cap as 
this does not disappear after disinfectant 
washing.

In general, always make sure that needle and 
puncture area of the skin remain sterile. Due to 
the circumstances using contact liquid and need 
of a bigger uncovered area of the skin to securely 
display the lesion, sterile covers with only a small 
hole are usually not adequate. To cover the rest of 
the abdomen, simple sterile towels are the best 
choice.

7.1  Local Anesthesia

There is a variety of local anesthetics that can be 
used for biopsies; xylocaine is the most com-
mon. The combination with adrenaline can be 
helpful in large-core biopsy to minimize bleed-
ing risk. If anesthetic medication is combined 
with adrenaline, be aware of direct injection into 
any vessel!
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Careful preparation of the needle and 
syringe is necessary. Air in the syringe or nee-
dle will be injected into the breast and can 
severely compromise US image quality or even 
completely obscure the lesion (see Fig.  4). 
Staff has to be properly trained in syringe 
preparation.

At core needle biopsy, anesthesia of the skin 
“entrance” and the actual biopsy area are most 
important; the needle track to the lesion only 
needs a small amount of local anesthetics. 
Usually, a maximum of 10  mL is sufficient. 
Carefully control the needle when injecting local 
anesthesia to avoid punctur of a feeding vessel 
resulting in bleeding and lesion masking. During 
this procedure, you can also get an idea of the 
tissue composition of your target by indirect pal-
pation (very hard, very soft) providing extra 
information that can be useful in later correlation 
with histopathology results.

If the lesion is located centrally or directly 
behind the nipple, extra care has to be taken in 

this sensitive area to avoid pain when applying 
local anesthesia.

In VAB, a greater area around the lesion 
should be anesthetized with up to 15–20 mL to 
avoid any pain (Park et al. 2011).

If the lesion is very close to the chest wall, 
biopsy can be a little bit more difficult. By inject-
ing some of the local anesthetics directly behind 
the far side of the lesion, preferably into the pec-
toral muscle, you can create a little more dis-
tance between chest wall and lesion making 
biopsy easier. This additional injection into the 
breast tissue, either between skin and lesion or 
between lesion and chest wall, can create extra 
space and security, esp. if VAB is performed (see 
Figs. 5,  6, 7).

For an easy insertion of the biopsy needle, a 
2–3  mm skin incision is made with a scalpel 
blade cutting the superficial fascia. In general, 
always define your access point optimized for 
cosmesis and accurate targeting before doing a 
damage to the patient’s skin.

a b c

d e f

Fig. 4 Air masking the lesion. Air bubbles after injection 
of not carefully evacuated anesthetic syringe result in 
nearly complete masking of the lesion (only due to proper 
fixation of the probe during the procedure and orientation 

according to other anatomic landmarks, the biopsy was 
still possible). Clearly visible lobulated mass (a, d), air 
bubbles masking the lesion (b, e), needle before and after 
firing, lesion still not visible (c, f)
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Fig. 5 Enlarged space: Suspicious mass close to the chest wall (a) with adjacent non-mass enhancement (b) at 
MRI. Corresponding segmental amorphous microcalcification in magnification mammography (c)

Fig. 6 Enlarged space: Hypoechoic, oval, ill-defined 
mass lesion close to the pectoralis muscle, with 1 cm dis-
tance from skin to chest wall (a, c). Injection of local 

anesthetics into the pectoralis muscle (b) enlarging the 
space to 1.5 cm (d)

a

c d

b
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a

Fig. 7  (a) Specimen radiography positive for microcalcifications. Successful biopsy of the lesion with documentation 
of the needle positioning prefire (b) and in two orthogonal views postfire (c, d)

8  Biopsy Technique

Independently of performing fine needle aspira-
tion, core needle biopsy, or vacuum-assisted 
biopsy, safe placement of the needle is necessary 
to avoid any complications.

A minimum number of 25 intervention proce-
dures under supervision with histological verifi-
cation should be performed before operating 
independently. Also, a minimum number of 25 
interventions per year are judged to be necessary 
to maintain competence (Wallis et  al. 2007; 
Liberman et al. 2001; Schulz et al. 2003).

To ensure that the needle is fully visible, some 
typical reflection and breaking features of ultra-
sound have to be kept in mind. The needle is best 
visible, if it is oriented parallel to the probe. If it 
is imaged at an angle, visibility of the needle and 
esp. the needle tip gets poor. This is independent 
from needle type and thickness (Figs. 8 and 9).

The tissue layer between ultrasound probe and 
chest wall is usually only 2–4 cm thick. Consequently, 
a steep angle approach increases the risk of compli-
cations, such as chest wall penetration. Furthermore, 
correct needle positioning is barely possible.

It is preferable to place the probe in a way that 
the target lesion is 1–2 cm beside the image edge. 
Due to the convex nature of the breast and the 
possibility of deformation, nearly horizontal 
biopsy, parallel to the ultrasound probe and chest 
wall, is possible. Inserting the needle in a flat 
angle gives you optimal control during the whole 
biopsy procedure (see Fig.  10a). Furthermore, 
even if you lose sight of your needle or of the 
lesion in the image, there is no risk of damaging 
the thorax wall or the intrathoracic structures.

It is important that the needle is exactly posi-
tioned below the middle and in-line with the long 
axis of the ultrasound probe covering the whole 
length of the needle (see Figs. 8 and 9). If the nee-
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a b c

Fig. 8 The probe should be fixed in the position, where 
the lesion is displayed best. After that, ideally only the 
needle should be adapted. The needle should be in-line 
with the probe visible over the full length of the needle 
track (a), giving the examiner full control of the needle 

during the firing procedure. If this is not the case, needle 
orientation must be adapted with parallel movement (b) or 
correction of the angle between probe and needle (c). 
(Illustration courtesy of Sophie von Stockhausen)

a b c

Fig. 9 Needle orientation. Intracutaneous wheal of anes-
thetics close to the probe in optimal fixed position for 
imaging the lesion (a). Inserting the biopsy or clip con-

taining needle (b) adjusting the needle orientation parallel 
to the direction of the probe (c)

a b c

Fig. 10 Needle and probe angulation. The needle should 
be parallel to the probe and chest wall to be best visual-
ized and to avoid any damage to intrathoracic structures. 
Therefore, the needle should be flattened after short- 
distance insertion (a). If the needle cannot be flattened 

anymore due to the belly or chest wall (b), the probe can 
be adapted as well with different angulation due to the 
softness of the breast tissue (c). (Illustration courtesy of 
Sophie von Stockhausen)

dle is inserted eccentrically or strides across the 
imaging plane transversally, it will not be imaged 
in total, especially with regard to the needle tip. 
Therefore, the chance of missing the lesion is high.

Even if properly positioned, the needle may 
still sometimes be difficult to be seen. Most of the 
time, the angle relation between the needle and 

the probe has become too steep and therefore the 
needle does not create sufficient reflection. To 
overcome such issues, lower the external parts of 
the needle/biopsy device to try to orientate probe 
and needle more parallelly. If there is no more 
space left to lower the needle, adjusting the probe 
accordingly can be the solution (see Fig. 10b, c).
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After identifying the lesion and displaying it 
at US, the ultrasound probe should be fixed in 
this position. Try not to move it during insertion 
of the needle; then you should be able to follow 
the needle to the lesion. If you cannot visualize 
the needle, do not move the ultrasound probe, but 
move the needle parallel up and down to the 
probe until you see it again (Fig. 8b).

If you are able to visualize the needle tip along 
the whole track, you should position the needle 
just in front of the lesion you aim to biopsy. Fire 
the needle from this position. It is recommended 
to use a semiautomatic approach, fire first the 
inner part of the needle, and then control the posi-
tioning of the notch; if this is correctly placed 
with the lesion centered, then fire. All this should 
be done under imaging control. Also, check the 
needle localization by an orthogonal view, to 
confirm that the needle is correctly positioned in 
both planes (see Fig.  7b–d). Especially with 
advanced US techniques like compound imaging, 
it can happen especially in small lesions, where 
the needle appears to be centrally located in the 
lesion but in fact it is behind or in front of the 
lesion!

After fully firing the device, the needle is 
withdrawn, and the specimen is collected and 
fixated. If you use the shortest lesion access, a 
coaxial guidance needle system is not 
necessary.

After finishing the core needle biopsy, the 
whole area including the needle track should be 
compressed for a minimum of 5  min. After 
vacuum- assisted biopsy, compression should last 
for 15  min and an additional pressure dressing 
should be applied for 3–6 h.

The patient should get a written information 
about behavioral precautions after biopsy.

8.1  Indications for Clip Marking

There are two main indications for lesion clip 
marking after biopsy. First, if lesions are very 
small, they could be masked by bleeding or just 
disappear due to the loss of the main tissue por-
tion during biopsy (Evans et al. 2018). Secondly, 
make sure that you can find the lesion or the area 

again after neoadjuvant chemotherapy with par-
tial or complete tumor response (Association of 
Breast Surgery at Baso 2009).

There are different opinions regarding clip mark-
ing. Some authors recommend putting a clip in all 
biopsied lesions, while others only at some of them. 
Clip marking mainly depends on lesion size, with 
the resulting possibility that the lesion is masked 
due to bleeding and might not be detectable although 
needed for planned treatment (e.g., surgery).

8.2  Preoperative Wire 
Localization

After successful minimally invasive diagnosis of 
malignancy, depending on tumor type, surgery will 
follow directly or after neoadjuvant chemotherapy.

In case of a non-palpable lesion, either the 
lesion itself or the clip after chemotherapy is 
marked to guide the surgeon during the operation. 
The classical method is a wire localization. A 
flexible wire with hook(s) is placed either into the 
breast lesion or closest to the clip. The placement 
should be adapted to the planned surgical 
approach. Ideally, the wire is directly placed in the 
lesion with the branches just outside. If a direct 
placement is not possible, the distance to the 
lesion should not exceed 1 cm. Localization of the 
incision and planned amount of tissue removal 
should be kept in mind as well. Therefore, a close 
collaboration with the surgeon is necessary.

Recently developed markers, like radioactive 
or magnetic seeds, can also be used to guide the 
surgeon, who uses a detector probe, like during 
the sentinel node procedure. The magnetic proce-
dure is quite simple, but keep in mind, that the 
magnetic particle can severely compromise fol-
low up MR-imaging. The seeds can be placed 
during biopsy or before neoadjuvant chemother-
apy. The radioactive seeds should be placed 
shortly before the operation. Some additional 
requirements for radiation protection and collet-
ing of the seeds have to be fulfilled rendering the 
workflow more complex. Such procedures are 
not necessary for magnetic seeds.

After all marking procedures, mammography 
in two orthogonal planes is recommended for 
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Fig. 11 Suspicious MRI-visible lesions in a BRCA1-positive patient after augmentation of the left breast due to micro-
mastia (a) with corresponding US lesions at 12 o’clock (b, d) and 10 o’clock (c, e)

correlation of lesion and clip. If the lesion was 
only detectable at US and MRI, a control MRI 
examination after applying a MRI-compatible 
wire may be helpful (see Figs. 11 and 12).

9  Reporting and Probe 
Handling and Pathology 
Information

To provide proper interpretation of core biopsy 
results, details of patient history as well as clinical 
and radiological findings should be provided to the 
pathologist, ideally on a standardized request form.

This should contain clinical information, a 
detailed description of the radiology findings 
(e.g., mass, architectural distortion, microcal-
cifications and respective classification), level 
of suspicion (e.g., BI-RADS final assessment 
score), laterality, and exact lesion location 
within the breast.

The specimen X-ray should be available for 
the pathologist. Information on representative 
sampling, number of cores, and separation of 
cores containing microcalcifications should be 
provided. Ideally, probes with and without calci-
fications should be sent in using different 
containers.
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Fig. 12 MRI control images of correct wire positioning in T1 unenhanced (a, c) and post-contrast subtracted images 
(b, d). (e) Wire localization in patient with additional marking of the lesion location on the skin

For specimens with biopsies from multiple 
sites, separate containers and separate reports 
should be used for each lesion.

Furthermore, the type of sampling (CNB ver-
sus VAB) and the type of biopsy guidance (US, 
stereotaxis, MRI) should be recorded.

10  Radiological-
Histopathological 
Correlation

Even if the false-negative rate of core needle and 
vacuum-assisted biopsy is very low, they are not 
zero and most of the times the reason for the false 
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negatives is discordance between imaging find-
ings and histopathology results. The false- 
negative rate ranges from 0.1% to 2.5% in core 
needle biopsy using a 14 G needle and 0.1% to 
1% in vacuum-assisted biopsy using a needle 
with a diameter of 11 or 8 G (Huang et al. 2017; 
Schueller et  al. 2008; Youk et  al. 2008, 2010; 
Zhang et al. 2012; Jung et al. 2014, 2018).

In addition, there is an underestimation rate of 
high-risk lesion by ultrasound-guided core  needle 
biopsy within a range from 24.5% to 65%, mainly 
attributed to atypical ductal hyperplasia lesions 
(Kim et  al. 2008; Huang et  al. 2017; Schueller 
et  al. 2008; Youk et  al. 2008; Jang et  al. 2008; 
Ahn et al. 2016; Atkins et al. 2013; Rageth et al. 
2016, 2019). Every radiologist performing 
image-guided breast biopsy should therefore not 
only know exactly how to technically perform the 
biopsy procedure, but also be aware of the possi-
bility of a false-negative diagnosis or underesti-
mation of lesions. He/she should therefore know 
how to ensure a correct radio-pathological corre-
lation and appropriate strategies to manage the 
patient, if there are any respective uncertainties 
(e.g., lesions with unclear potential of 
malignancy).

For every biopsy performed, make sure that 
you have targeted the correct lesion. In addition 
to image control of the needle position, also 
check the composition of the specimen you sam-
pled and look out if there are different tissues 
combined in the samples. Also, the consistence 
of a specimen, being rather stiff (tumor tissue) or 
soft (fatty tissue), when putting into formalin can 
give you a hint, if you hit the right target. At last, 
check if the specimen is floating on the formalin 
surface or if it sinks. If it sinks, it is highly likely 
that you sampled the right lesion.

Secondly, you have to do a proper correlation 
with the pathologist whether the findings of the 
microscopes fit with the findings in imaging. This 
is especially important if you have a malignant- 
looking lesion in the imaging and benign finding 
in pathology.

In his/her report, the pathologist will assign a 
certain B category according to the  histopathology 
result of the lesion specimens. The B categories 
are as follows (Perry et al. 2006):

• B1 (Normal)
• B2 (Benign)
• B3 (Uncertain malignant potential with epi-

thelial atypia)
• B3 (Uncertain malignant potential without 

epithelial atypia)
• B4 (Suspicious)
• B5a (Malignant in situ)
• B5b (Malignant invasive)
• B5c (Malignant not assessable)

If the lesion was associated with microcalcifi-
cations, it should be checked that the pathologist 
saw calcifications of the same size as at initial 
imaging and specimen X-rays.

For obvious imaging finding like a hypoechoic 
mass or clearly dilated ducts and calcifications, 
the histopathology B1 category is not adequate 
and represents a noncorrelation of radiology and 
histopathology; in these cases, biopsy is to be 
repeated.

Further management of B3 lesions depends on 
its exact histopathology. Some of these have to be 
further assessed by open or vacuum-assisted 
excision to be able to safely exclude malignancy 
before final therapeutic surgery, and others can 
be handled with 6-month follow-up.

B4 lesions have to be cleared by getting more 
tissue before the definite therapeutic surgery. B5 
lesions usually result in a therapy recommenda-
tion such as surgery or neoadjuvant chemother-
apy (Ellis et al. 2004; Lee et al. 2016).

11  Summary

Ultrasound-guided minimally invasive proce-
dures are cheap, reliable, and safe for the assess-
ment of suspicious lesions in any diagnostic 
setting. FNA provides immediate diagnosis, 
whereas CNB offers far more detailed pathologi-
cal information about tumor type, grading, or 
receptor status allowing for a personalized ther-
apy plan for each patient. In addition, preopera-
tive localization of non-palpable lesions is 
quickly performed by ultrasound-guided wire 
localization, preventing multiple reoperations 
due to unclear lesion location or extent.

Ultrasound-Guided Interventions
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Abstract

This chapter summarizes technical protocols 
and clinical indications for magnetic reso-
nance imaging (MRI) of the breast. The estab-
lished protocol used in the last two decades 
worldwide, essentially composed of an unen-
hanced T2-weighted sequence and a contrast- 
enhanced T1-weighted dynamic study, is 
firstly described. Thereafter, the new 
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approaches allowed by diffusion-weighted 
imaging, currently integrated into routine clin-
ical protocols, with a brief mention also of 
abbreviated contrast-enhanced protocols, are 
discussed. The following well-recognized 
indications for breast MRI are considered: 
screening of women at high risk for breast 
cancer; assessment of response to neoadjuvant 
therapy; search for occult primary breast can-
cer; and evaluation of implant integrity (with 
dedicated unenhanced sequences). 
Preoperative breast MRI is discussed describ-
ing the limitations of past studies and the new 
evidences regarding the cooperation between 
radiologists and surgeons to avoid unneces-
sary mastectomies and to tailor a conserving 
personalized treatment. The limited role of 
MRI in characterizing equivocal findings 
identified on mammography and/or ultrasound 
is also illustrated. In addition, the increasing 
role of MRI in the setting of nipple discharge 
and its potential for decision-making when 
lesions with uncertain malignant potential 
(B3) are found at mammography- or 
ultrasound- guided biopsy are outlined.

Abbreviations

2D  Two-dimensional
3D  Three-dimensional
ACR  American College of Radiology
ADC  Apparent diffusion coefficient
AUC  Area under the curve
BC  Breast cancer
BI-RADS  Breast Imaging Reporting and Data 

System
CE  Contrast-enhanced
CI  Confidence interval
DBT  Digital breast tomosynthesis
DCIS Ductal carcinoma in situ
DWI  Diffusion-weighted imaging
EBM  Evidence-based medicine
EUSOBI European Society of Breast Imaging
EUSOMA  European Society of Breast Cancer 

Specialists
Fat-sat Fat saturation

GBCA Gadolinium-based contrast agent
Gd   Gadolinium
HER2  Human epidermal growth factor 

receptor 2
MIP  Maximum-intensity projection
MRI  Magnetic resonance imaging
NAT  Neoadjuvant therapy
NPV  Negative predictive value
pCR   Pathological complete response
PET  Positron-emission tomography
PPV  Positive predictive value
RCT  Randomized controlled trial
RECIST  Response evaluation criteria in 

solid tumors
ROI  Region of interest
SPAIR  Spectral attenuated inversion 

recovery
SPIR  Spectral inversion recovery
STIR  Short tau inversion recovery
US  Ultrasound

1  Introduction

Over the last three decades, magnetic resonance 
imaging (MRI) has entered the clinical field of 
detection and management of breast cancer (BC). 
This was due to the introduction of contrast- 
enhanced (CE) sequences, firstly reported in 
1986 by S. Heywang and coworkers (1986).

The availability of specialized multichannel 
radiofrequency coils and of powerful gradient 
systems allowed getting both good image quality 
and sufficient temporal resolution, playing in 
favor of an increasing use of breast MRI.  The 
technique was early recognized as a top-level 
sensitivity tool thanks to the new CE approach, 
based on lesion vascularization (Kaiser 1989). 
While initially regarded as a third option after 
mammography and ultrasound (US), breast MRI 
has progressively gained an independent position 
in specific settings such as high-risk screening 
and neoadjuvant therapy (NAT) assessment 
thanks to its very high sensitivity and intrinsic 
multiparametric nature.

As for many innovations in medicine, a gener-
alized application of a new technique mainly 
depends on the standardization of technical pro-
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tocols and clinical interpretation. This also hap-
pened for breast MRI.

On the technical side, although some varia-
tions were applied by different groups, reproduc-
ibility across centers was mainly reached by 
adopting a protocol essentially composed of an 
unenhanced T2-weighed sequence and of 
T1-weighted sequences acquired before and after 
the intravenous administration of gadolinium- 
based contrast agent (GBCA), with repetitions of 
the post-contrast sequence to get information 
about the dynamics of contrast uptake (Sardanelli 
et al. 2010). In the last decade, diffusion-weighted 
imaging (DWI) has been added to the standard 
protocol in many centers with the aim of a better 
lesion characterization (Sardanelli et  al. 2016a) 
while abbreviated protocols, originally composed 
by only one pre- and one post-contrast 
T1-weighted sequence (Kuhl et  al. 2014), were 
proposed with the aim of reducing acquisition 
and reading time in the screening setting.

On the side of clinical interpretation, in 2003, 
the inclusion of MRI in the Breast Imaging 
Reporting and Data System (BI-RADS) by the 
American College of Radiology (ACR) 
(American College of Radiology 2003), updated 
in 2013 (D’Orsi et al. 2013), established common 
descriptors and diagnostic categories all over the 
world. This was a great achievement in terms of 
good clinical practice and clarity of reporting, 
also allowing comparisons among studies and 
building of secondary evidence by 
meta-analyses.

The discussion about indications for breast 
MRI started very soon, taking into account its 
very high sensitivity but also the possibility of 
false positives, opening the discussion on the so- 
called low specificity of breast MRI. Although the 
specificity of MRI compared favorably with that 
of mammography or US, this myth delayed the 
clinical adoption of the technique. Indeed, during 
the first 15 years of clinical use of CE breast 
MRI, the reported specificity was highly variable, 
depending on clinical settings and methods of 
interpretation. For example, in 1993 it was 
reported to be as low as 37% (with 94% sensitiv-
ity) in a small study on 30 breasts with 47 malig-
nant and 27 benign lesions (Harms et al. 1993), 

while in 1994 it was reported to be as high as 
97% (with 98% sensitivity) in a large study on 
2053 examinations (Kaiser 1994). But those 
studies that reported a low specificity had a much 
greater impact than those that reported an inter-
mediate to high specificity.

However, we should admit that in those years, 
false positives on MRI implied a special weak-
ness: the lack of systems allowing MRI guidance 
for biopsy and pre-surgical localization. Breast 
radiologists were able to enroll breast US as a 
second (targeted) look for assessing and perform-
ing biopsy of suspicious MRI-detected lesions 
(Linda et  al. 2008a; Spick and Baltzer 2014), 
only leaving the task of characterizing not other-
wise visible suspicious findings, a minority of 
cases also in the high-risk screening setting, to 
MRI-guided procedures (Peter et  al. 2016). 
Devices for MRI-guided interventions started to 
become clinically available during the 1990s 
(Fischer et al. 1994). Thereafter, MRI-compatible 
vacuum-assisted systems were introduced in 
clinical practice (Heywang-Köbrunner et  al. 
1999) and its use was established as a standard of 
care (Heywang-Köbrunner et al. 2009). This was 
the sign of maturity of the technique: what was 
visible on MRI could be pathologically charac-
terized and, if necessary, localized for surgical 
removal. Thus, was this a way open for a general-
ized use of breast MRI? Which was the context?

When evaluating the introduction of breast 
MRI in clinical practice we should take into 
account a complex social and medical context 
given by the presence of organized and spontane-
ous screening mammography programs (Lauby- 
Secretan et al. 2015); the established preference 
of conserving surgery plus radiation therapy 
instead of mastectomy (Veronesi et  al. 2002; 
Fisher et al. 2002); the discovery of BRCA1 and 
BRCA2 genes determining hereditary predisposi-
tion to BC (Miki et al. 1994; Wooster et al. 1995); 
the evolution of medical treatments from only 
chemotherapy to more complex and effective 
approaches including biologically targeted drugs 
(Saadatmand et  al. 2015a); the general accep-
tance of methods of evidence-based medicine 
(EBM) for evaluating the effectiveness of any 
medical option (Sackett et  al. 1996); and the 
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decrease of health-care spending (Budhdeo et al. 
2015). Successes and difficulties of breast MRI 
can be understood only considering this histori-
cal background. Of course, all this was not only a 
matter of science.

The aim of this chapter is to provide a general 
knowledge about technical requirements, sched-
uling, protocols, and post-processing for breast 
MRI (Table 1) as well as to give an overview of 
its clinical indications (Table  2). Special tech-
niques such as T1-weighted CE ultrafast 
sequences, T2*-weighted perfusion, or intravoxel 
incoherent motion DWI as well as magnetic reso-
nance spectroscopy will not be considered, being 
currently outside of routine clinical protocols.

2  The Standard Acquisition 
Protocol

As explained in Sect. 1, a standard protocol for 
breast MRI was practically established during the 
1990s, when sufficiently advanced MRI systems 
were available. Technical recommendations were 
issued by different bodies such as the European 
Society of Breast Cancer Specialists (EUSOMA) 
(Sardanelli et al. 2010), the European Society of 
Breast Imaging (EUSOBI) (Mann et  al. 2008, 
2015), and the ACR (American College of 
Radiology 2018). We summarize here the most 
important issues to be considered.

Breast MRI must be performed using magnets 
with ≥1.5T intensity field and ≥20 mT/m power 
gradients, equipped with bilateral dedicated mul-
tichannel coils, with a minimum of four 
channels.

In premenopausal women, even if taking 
oral contraceptives, it is important to schedule 
the examination between days 7 and 14 of the 
menstrual cycle to avoid superimposition of 
moderate or marked background parenchymal 
enhancement, possibly determining false-posi-
tive and false-negative results (Baltzer et  al. 
2011) (Fig.  1). In the preoperative staging, 
exceptions to this rule can be necessary to avoid 
delay in treatment (Sardanelli et  al. 2010). A 
specific scheduling is not required for post-
menopausal women even if taking hormone 

Table 1 Breast MRI: technical requirements, schedul-
ing, standard protocol, and postprocessing

Technical requirements
Intensity of magnetic field ≥1.5T
Gradient power ≥20 mT/m
Channels of dedicated coil ≥4
Scheduling in premenopausal women
Days of the menstrual 
cycle

7–14

Standard protocol
One of the three 
T2-weighted sequences 
(axial or sagittal):
   • Fast/turbo spin-echo ± fat-sat or
   • Short tau inversion recovery (STIR) or
   • Spectral presaturation with inversion recovery 

(SPIR)
Contrast dose 0.1 mmol/kg (equal to 

0.2 mL/kg for 0.5 M 
concentration)

Dynamic study (2D or 3D T1-weighted gradient-echo 
sequence ± fat-sat, axial or sagittal)
   • Slice thickness ≤3 mm
   • Spatial in-plane 

resolution
≤1.5 mm2 (preferably 
≤1 mm2)

   • Temporal resolution ≤120 s
   • Duration 6 min
Postprocessing
Non-fat-sat dynamic studies
   • Image subtraction (enhanced minus unenhanced) 

of the first or second frame
   • Maximum-intensity projections (MIPs)
Dynamic analysis
   • ROI based or
   • Color code mapping (dedicated software)

2D two-dimensional, 3D three-dimensional, ROI region 
of interest

Table 2 Breast MRI: clinical indications

Established indications
High-risk screening
Assessment of response to neoadjuvant therapy
Search for primary breast cancer occult to 
mammography and US
Characterization of equivocal findings at 
mammography and/or US
Evaluation of breast implant integrity (unenhanced 
study)
Debated indication
Preoperative assessment
Emergent indications
Nipple discharge
Borderline (B3) lesions at mammography/US-guided 
needle biopsy

US ultrasound
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a b

Fig. 1 Effect of scheduling breast MRI in relation to the 
menstrual cycle. A 36-year-old women with negative fam-
ily history, pregnancy, and breast-feeding for 8 months at 
age 23, breast implants at age 30 presented with a palpa-
ble lump in the right breast, negative at mammography 
and US. Breast MRI was firstly performed on day 16 of 
the menstrual cycle. (a): Axial (above) and coronal 
(below) MIP reconstructions of the first dynamic phase 
showed a suspicious enhancement in the left internal 
lower quadrant; no suspicious findings in the right breast 

at analysis of the whole MRI examination. MRI was 
repeated on day 10 of the menstrual cycle. (b): The find-
ing in the left breast completely disappeared. Both exami-
nations were performed at 1.5T with the same equipment, 
with 0.1  mmol/kg of gadobenate dimeglumine and the 
same 3D spoiled gradient-echo sequence (time resolution 
120 s). Note that on day 10, more vessels are visible with 
less pronounced enhancement, in the absence of the suspi-
cious finding

replacement therapy, recently reported to not 
consistently affect the background parenchy-
mal enhancement (Hegenscheid et al. 2012). In 
the case of irregular menses, premenopausal 
hysterectomy, or any difficulty in establishing a 
correct timing for the MRI examination, a 
blood sampling for serum progesterone (Ellis 
2009) may be helpful to identify the optimal 
phase.

After gaining a venous access, usually 
through a medial cubital vein, the patient is 
placed in the prone position with the arms along 
the body and the breast pending in the coil. Due 
to the higher incidence of movement artifacts on 
the side of the injection, contrast injection should 
be performed, whenever possible, on the oppo-
site side to that of the breast potentially harbor-
ing the most relevant finding(s) (Schiaffino et al. 
2018).

After scout-view sequences, the standard 
breast MRI protocol usually includes the follow-
ing (Sardanelli et al. 2010):

 1. A bilateral (with the exception of prior mas-
tectomy) morphological study using at least 
one unenhanced T2-weighted fast/turbo spin-
echo with or without fat saturation (fat-sat), 
short tau inversion recovery (STIR), or spec-
tral presaturation with inversion recovery 
(SPIR) sequences (Fig. 2a).

 2. A bilateral (with the exception of prior mas-
tectomy) two-dimensional (2D) or three- 
dimensional (3D) gradient-echo T1-weighted 
dynamic sequence, with or without fat-sat 
(slice thickness ≤3 mm, spatial in-plane reso-
lution ≤1.5 mm2 (preferably ≤1 mm2), tempo-
ral resolution ≤120 s) (Fig. 2b–d).

For both sequences, the scan plane is chosen 
by the radiologist according to personal prefer-
ence, local habit, or individual clinical needs. 
Currently, axial and sagittal planes are mostly 
used. For the sake of brevity, we do not enter here 
into further technical details of these standard 
sequences (such as advantages and disadvantages 
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Fig. 2 The breast MRI standard protocol. 1.5T preopera-
tive MRI in a 44-year-old woman with a newly diagnosed 
invasive ductal cancer at upper inner quadrant of the left 
breast. The same slice best demonstrating the index lesion 
is shown for four axial sequences: STIR (a); 3D spoiled 
gradient-echo T1-weighted sequence, unenhanced (b), 
2 min (c) and 8 min (d) after injection of 0.1 mmol/kg of 

gadobenate dimeglumine. The spiculated lesion (arrow on 
each panel) appears to be slightly hyperintense in a, 
hypointense in b, and clearly enhancing in c (but reaching 
a signal intensity only close to that of the surrounding fat), 
with its anterior part showing a washout in the late phase 
(d)

of the fat-sat approaches) that the reader can find 
in book chapters (Kaiser 1993; Heywang- 
Köbrunner and Beck 1996; Hylton 2005; 
Hendrick 2010) and articles (Kuhl 2007; 
Melsaether and Gudi 2014). As a general note, 
when a compromise has to be fixed between spa-
tial and temporal resolution for the dynamic 
study, the former has to be preferred (Gutierrez 
et al. 2012).

For the dynamic study, 6 min is sufficient for 
evaluating the contrast uptake (i.e., the wash-in 
and washout kinetics). In fact, when the dynamic 
acquisition is prolonged over 6 min, misleading 
late washout can be appreciated in benign lesions 
(Tannaphai et al. 2012). A final acquisition with a 
spatial resolution higher than that of the dynamic 
study can be useful in the case of suboptimal spa-
tial resolution in the standard study, in particular 
when a ductal carcinoma in situ (DCIS) is sus-
pected, either pure or associated to an invasive 
cancer.

The use of two-compartment (vascular/inter-
stitial) GBCAs is recommended at the standard 
dose of 0.1  mmol/kg, with an injection rate of 
2–3 mL/s, followed by saline flushing (20–30 mL 
at 2–3 mL/s), using an automatic injector. Given 
the recent evidence of Gd accumulation/retention 
in the brain after multiple administration of 
GBCA and the debate on the distinction between 
linear and macrocyclic agents (Kanal 2017), the 
standard dose (0.1 mmol/kg) has to be considered 
as the maximal dose for all GBCAs, indepen-
dently of their chemical structure and of the mag-
netic field intensity. Due to regulations issued by 
the European Medicines Agency in 2017 
(European Medicines Agency 2017), in the 
European Union the use of linear GBCAs—
gadobenate dimeglumine (Gd-BOPTA, 
MultiHance), gadodiamide (Gd-DTPA-BMA, 
Omniscan), gadopentetate dimeglumine 
(Gd-DTPA, Magnevist), and gadoversetamide 
(Gd-DTPA-BMEA, OptiMARK)—has been sus-
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pended, so that only the macrocyclic GBCAs—
gadobutrol (Gd-BT-DO3A, Gadovist or 
Gadavist), gadoterate (Gd-DOTA, Dotarem), or 
gadoteridol (Gd-HP-DO3A, ProHance)—can be 
used.

For GBCAs with the standard concentration 
(0.5 M), the dose to be administered is obtained 
by doubling the kg of body weight divided by 10 
(e.g., 14  mL for a woman with 70  kg of body 
weight). This works for all GBCAs with the only 
exception of the gadobutrol that has a 1 M con-
centration. In that case, the final doubling has to 
be skipped (e.g., 7 mL for a woman with 70 kg of 
body weight). Attention must be paid in reporting 
the contrast dose, carefully distinguishing 
between mmol and mL (for the standard 0.5 M 
concentration, 0.1  mmol/kg is equivalent to 
0.2  mL/kg of body weight). Confusion on this 
aspect is sometimes encountered also in pub-
lished articles.

When MRI is requested for the evaluation of 
breast implant integrity, a dedicated protocol 
composed of multiplanar unenhanced special 
sequences must be performed (see below).

3  Post-processing: Image 
Subtraction and MIP 
Reconstructions

If non-fat-sat dynamic sequences are used, tem-
poral subtraction is mandatorily performed on a 
pixel-by-pixel basis (post-contrast images minus 
pre-contrast images, all of them being the pri-
mary images) for each of the dynamic phases. 
Image subtraction works here as a way for sup-
pressing the high-fat signal and also the signal 
from all the other tissues that do not enhance. 
This implies the advantage of isolating the 
enhancing structures (mainly vessels and 
enhancing lesions) on a black background 
(Fig.  3a, b). We could name these subtracted 
images as secondary images, produced by the 
software for all dynamic phases, a post-process-
ing that doubles the number of the enhanced 
images, contributing to a total number of images 
for an individual breast MRI examination up to 
1200 (Fausto et al. 2007) and more, depending 

on the breast size and the adopted through-plane 
image resolution, i.e., the slice thickness. When 
using fat-sat dynamic sequences, temporal sub-
traction is not mandatory but could be useful for 
getting a higher conspicuity of enhancing 
lesions.

The subtracted dataset obtained for one of 
the dynamic phases is used for generating ter-
tiary images by means of maximum-intensity 
projection (MIP) 3D reconstructions, obtained 
for the total volume or only for part of them 
(partial MIP). MIPs are usually presented as 
bilateral axial, bilateral coronal, and unilateral 
sagittal views, so summarizing the examination 
in few images comparable to mammograms 
(Fig. 3c–f). These images are easy to be under-
stood also by members of the multidisciplinary 
team who are not radiologists, especially sur-
geons with whom the surgical planning has to 
be defined. For this aim, we should remember 
that in breast MRI the patient is studied in the 
prone position with the arms along the body 
while she will be operated in the supine posi-
tion, with the arm abducted. Notably, the change 
from prone to supine position implies a lesion 
displacement along the three spatial dimensions 
from 3 to 6 cm (Fig. 4) with lesion-to-skin and 
lesion-to nipple displacements smaller than 
1 cm, even though the nipple displacements are 
similar or larger than those of lesions (the 
lesion-to-nipple distance remains the most reli-
able measure to be used for targeted US after 
MRI) (Carbonaro et al. 2012).

The choice of the dynamic phase to be used 
for generating MIPs depends on temporal 
 resolution, contrast injection rate, and saline 
flushing as well as on physiological parame-
ters such as blood pressure and heart rate. 
Usually, using a temporal resolution from 90 
to 120 s, the first phase is the best one, avoid-
ing high superimposition of background 
parenchymal enhancement; in the case of 60 s 
or less, the first or the second phase may be 
the best one. Anyway, a visual check has to be 
made.

In the case of patient movements, in particular 
between pre- and post-contrast sequences, sub-
tracted images can be heavily burdened by mis-
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Fig. 3 Breast MRI postprocessing: image subtraction 
and MIP reconstructions. Same patient and examination 
shown in Fig. 2. Subtraction of the unenhanced from the 
CE 2-min image (a) and from the CE 8-min image (b). 
Both subtracted images show with high conspicuity a 
24  mm mass enhancement (arrow) at the upper inner 
quadrant of the left breast (with enhancement lower in b 
than in a, showing a washout) but also non-mass enhance-

ment extended in the outer part of the breast. MIP recon-
structions of the 2-min subtracted images from the entire 
3D dataset: bilateral axial (c), bilateral coronal (d), and 
unilateral sagittal right (e) and left (f). These 3D recon-
structions show the whole extent of an invasive ductal car-
cinoma with an associated extensive DCIS component, 
confirmed on pathological examination of mastectomy 
specimen

a b c

Fig. 4 Prone versus supine breast MRI. Spatial displace-
ment of a 14-mm invasive ductal cancer in the central 
region of the right breast (1.5T magnet, 0.1 mmol/kg of 
gadobenate dimeglumine). Axial spoiled 3D gradient- 
echo T1-weighted unenhanced sequence (a) and 
CE-subtracted sequence (b), obtained with the patient in 
standard prone position; axial T1-weighted fat-sat volu-
metric interpolated breath-hold sequence (VIBE) obtained 

with the patient in supine position as a final phase of the 
examination (c). The large spatial displacement of the 
spiculated tumor can be appreciated evaluating the dis-
tance between the lesion and the pectoral muscle (double- 
ended arrow in a, b, and c): in c the lesion is much closer 
to the thoracic wall and in a more lateral position than in a 
and b. (From Carbonaro et  al. (2012), with permission 
from the publisher)

registration artifacts leading to both false-negative 
and false-positive results as well as to misleading 
results of the dynamic analysis. The presence of 
artifacts, also including inhomogeneous fat-sat or 

ghost artifacts on the phase axis, obliges to a 
careful visual evaluation of native (i.e., unsub-
tracted) images, comparing pre- and post- contrast 
phases, slice by slice (Fig. 5).

F. Sardanelli et al.



173

a

b c

Fig. 5 Misregistration artifacts. Preoperative breast MRI in 
a 57-year-old woman (1.5T magnet, 0.08 mmol/kg of gado-
butrol). The MIP 3D reconstruction of the first post- contrast 
dataset (a) was nondiagnostic due to strong misregistration 
artifacts caused by patient’s movement in between unen-

hanced and enhanced sequences, implying that subtracted 
images were unreliable. Only by visual comparing, slice-by-
slice, unenhanced images (b) with the corresponding CE 
images (c) a non-mass enhancement (arrow in c) corre-
sponding to a high-grade DCIS can be identified

4  Post-processing: Dynamic 
Analysis

Clinical interpretation should be based on the 
integration of morphology (including signal anal-
ysis on unenhanced T1- and T2-weighted images) 
and kinetic analysis of the dynamic study, for a 
total of 147 signs, as described by Werner 
A. Kaiser in his historical book (Kaiser 2008).

Dynamic analysis can be performed visu-
ally or using dedicated software. The second 
option is performed by positioning regions of 
interest (ROIs) inside the lesion under consid-
eration using post-processing tools available 
on every MRI workstation or by color-coded 
mapping provided by dedicated software 
(Dorrius et al. 2011). In the former case, atten-
tion should be paid to include only those parts 
of the lesion which show high signal on the 
first (or second, see above) dynamic phase, 
avoiding the inclusion of internal necrosis or 
fibrosis as well as of tissues outside the lesion 
(Sardanelli et al. 2004a). For the sake of robust-
ness, we advise to obtain a graph including at 

least a “control” curve, for example on the pec-
toral muscle (Fig.  6), the aorta, or the left 
ventricle.

The shape of the signal-to-time curve includes 
(1) the initial signal increase from the pre- contrast 
measurement to the maximum value within the 
first 3  min after injection; (2) the post-initial 
behavior from the maximum peak within the first 
3  min to the sixth minute. The initial increase 
(wash-in) can be low, intermediate, or high, his-
torically defined (Heywang-Köbrunner and Beck 
1996) as up to 50%, 50–100%, and >100% for 
ROI-based measurements, respectively. Three 
types of post-initial curves are basically identifi-
able (Heywang-Köbrunner and Beck 1996; Kuhl 
et al. 1999; Baum et al. 2002):

 1. Continuous increase (type 1 curve), with a 
signal increase >10% in comparison to the 
peak reached within the first 3 min (Fig. 6a, b)

 2. Plateau (type 2 curve), with maximum devia-
tion between +10% and −10% in comparison 
to the peak reached within the first 3  min 
(Fig. 6c, d)
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Fig. 6 Dynamic analysis (1.5T magnet, 0.1 mmol/kg of 
gadobenate dimeglumine). Fibroadenoma (a) with moder-
ate initial enhancement and post-initial continuous 
increase: type 1 curve (b). Invasive lobular carcinoma (c) 
with high initial enhancement and post-initial plateau: 
type 2 curve (d). Invasive ductal carcinoma (e) with high 
initial enhancement and post-initial washout: type 3 curve 

(f). Same protocol of Fig. 3; images a, c, and e are magni-
fied subtracted images of the first dynamic phase, images 
under the curves in b, d, and f are the unsubtracted CE 
whole images of the first dynamic phase. Note on the bot-
tom of the graphs the “control” curves (dotted lines) 
obtained with ROIs positioned on the pectoral muscles

 3. Washout (type 3 curve), with a decrease >10% 
in comparison to the peak reached within the 
first 3 min (Fig. 6e, f)

The three curves are associated with different 
probabilities of malignancy, depending—as is for 
any positive predictive value (PPV)—on disease 
(cancer) prevalence (Sardanelli and Di Leo 2009a). 
C.K. Kuhl and coworkers (1999) reported the fol-
lowing distributions of curve types: for BCs, 9% 
(type 1), 34% (type 2), and 57% (type 3); for 
benign lesions 83%, 12%, and 6%, respectively. 
Anyway, kinetics per se does not make the diagno-
sis. For differential diagnosis, morphology and 
kinetics have to be combined: a benign lesion such 
as an intramammary lymph node can exhibit a 
type 3 curve while a DCIS can exhibit a type 1 
curve. On the other hand, when a morphologically 
benign lesion is seen, a type 1 curve makes the 
exclusion of malignancy more confident.

5  Diffusion-Weighted Imaging

Among the unenhanced sequences, DWI is the 
most promising approach for routine clinical use.

The basic principle underlying DWI is totally 
different from that of standard unenhanced mor-
phological sequences or of CE studies. The sig-
nal intensity is here mainly correlated with the 
freedom of movement of water molecules in the 
tissue and partly with the perfusion effects. 
Pulsed gradients are switched on and off during 
the acquisition of an echo-planar sequence, with 
a b factor (depending on the strength, duration, 
and spacing of pulsed gradients), expressed as s/
mm2, driving the weight of diffusion dependence 
of the signal intensity: the higher the b-value, the 
higher the dependence on diffusivity. A larger 
b-value is obtained by increasing the gradient 
amplitude and duration and by widening the 
interval between gradient pulses. The reader can 
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b = 0 b = 1000 ADC map

Fig. 7 DWI lesion characterization. Echo planar images 
obtained at 1.5T with b = 0 s/mm2 and with b = 1000 s/
mm2, and ADC map for a 17-mm fibroadenoma in a 
46-year-old woman (a, b, and c) and for an invasive ductal 
cancer (pT2, G3, ER/PgR positive, HER2 negative, Ki-67 
>15%) in a 45-year-old woman (d, e, and f, respectively). 

Note that the fibroadenoma shows a very high signal in a, 
a reduction in signal intensity in b, and a still relatively 
high signal in c while the ductal cancer has high signal in 
d and e but low signal in f (reduced diffusivity): the ROI- 
based mean ADC was 1.83 and 1.12  ×  10−3  mm2/s, 
respectively

find details on specialized book chapters and arti-
cles (Hendrick 2010; Melsaether and Gudi 2014) 
or on websites (Elster 2018).

The relation between high tumor cellularity 
and low water diffusivity is the rationale for 
interpreting the main products of a DWI acquisi-
tion (Fig. 7):

 1. An image obtained with b = 0, which is sub-
stantially a T2-weighted image

 2. A high b-value image, usually obtained with 
b = 700–1000 s/mm2

 3. A map of the apparent diffusion coefficient 
(ADC), obtained by combining data from 
images 1 and 2 and expressed as mm2/s

Since a restriction in diffusivity determines a 
high signal on DWI with high b-value while the 
ADC map represents a high tissue diffusivity 
with a high signal and a low tissue diffusivity 
with low signal, a cancer mostly appears hyperin-
tense on high-b-value images and hypointense on 

the ADC map. Conversely, a benign lesion (which 
typically has tissue diffusivity lower than that of 
the normal gland but higher than that of an inva-
sive cancer) appears as relatively hyperintense on 
high-b-value images as well as on the ADC map 
(see Fig. 7).

An evaluation of the secondary evidence, i.e., 
of systematic review and meta-analyses, showed 
a substantial robustness of the technique: the 
pooled sensitivities ranged from 84% to 91%, 
and the pooled specificities from 75% to 84% 
(Sardanelli et al. 2016a). These levels of perfor-
mance favorably compare with those of screen-
ing mammography. Initial experiences showing a 
potential for DWI in cancer detection were pub-
lished (Kazama et al. 2012; Trimboli et al. 2014; 
Belli et al. 2016; McDonald et al. 2016).

However, the main challenge to DWI is stan-
dardization, with the aim of a higher reproduc-
ibility of results, in particular for a quantitative 
biomarker as ADC (Spick et al. 2016a). Methods 
for gradient nonlinearity corrections were pro-

Breast MRI: Techniques and Indications



176

posed in the framework of the ACR Imaging 
Network 6698 (Newitt et al. 2015).

The EUSOBI DWI Club tried to set technical 
guidelines and to contribute for making DWI 
included in the BI-RADS atlas. During the 
EUSOBI Annual Scientific Meeting held in 
Berlin in September 2017, representatives of 25 
centers in 15 countries agreed on the following 
first general recommendations (Baltzer et  al. 
2020): axial scan plan; in-plane resolution of 
2 × 2 mm2 or better; slice thickness ≤4 mm; field 
of view to cover both breasts; and mandatory fat 
suppression, with spectral attenuated inversion 
recovery (SPAIR) as the recommended tech-
nique. The echo-planar imaging sequence should 
include a minimum of two b-values: the one as 
close as possible to 0 s/mm2, not higher than 50 s/
mm2, and the other one equal to 800  s/mm2. 
Additional suggested b-values are 200 s/mm2, to 
handle intravoxel incoherent motion effects, and 
above 1200 s/mm2, to handle non-Gaussian diffu-
sion effects. Two or more excitations are sug-
gested at the lowest b-value, three or more 
excitations at b  =  800  s/mm2 (and optional 
b = 200 s/mm2), and five or more for b ≥ 1200 s/
mm2. Whenever possible, those numbers of exci-
tations should be adjusted to warrant a minimum 
level for signal-to-noise ratio at the highest 
b-value. The minimum value of echo time 
allowed by the MRI system for the highest 
b-value is recommended, as well as the minimum 
value of the repetition time to allow multislice 
coverage of both breasts.

The ADC, estimated by ROI or at voxel-by- 
voxel level, is calculated as

 
ln / /S S b blow high high low( ) −( )

 

where Slow and Shigh are the image signal values 
obtained with the low and the high b-values, 
respectively.

The issue of defining cutoffs for ADC values 
to characterize breast lesions will be illustrated in 
Sect. 8. Notably, GBCA injected before perform-
ing DWI does not negatively impact the diagnos-
tic performance (Dorrius et  al. 2014), allowing 
DWI to be performed after the dynamic study 
during its post-processing.

6  Abbreviated CE Protocols

Abbreviated protocols for CE breast MRI were 
recently proposed, the original one by C.K. Kuhl 
and coworkers (2014), composed by only one 
T1-weighted gradient-echo sequence before 
GBCA injection, repeated after injection, for a 
total acquisition time of only 3 min. When read-
ing sessions using only MIPs are used, the read-
ing time is reduced to 3  s for a dichotomous 
outcome (positive versus negative, i.e., recall 
versus non-recall), typical of a screening set-
ting. In this study, the intraindividual compari-
son with the full protocol (implying 17 min of 
acquisition time and 28  s of reading time) 
showed no change in sensitivity (100% for both, 
based on 11 cancers) and specificity (94% for 
both).

Thereafter, many studies (for example, Mango 
et  al. 2015; Grimm et  al. 2015; Harvey et  al. 
2016; Machida et  al. 2017; Oldrini et  al. 2018) 
confirmed the diagnostic performance of abbre-
viated protocols without statistically significant 
difference compared to a standard full protocol, 
however, with reading time always drastically 
reduced. The usefulness of this approach has also 
been shown for screening women with a personal 
BC history (Choi et al. 2018).

Abbreviated protocols can be an interesting 
way for reducing MRI costs for acquisition and 
reading time in the screening setting. The advan-
tages can be well appreciated in the case of 
breast MRI sessions dedicated to screening 
only. Otherwise, the reduction in the acquisition 
time would not impact so much the MRI room 
time that includes positioning, venous access 
connection, scout-view images, patient’s get off 
the magnet, etc. Similarly, the reduction of the 
reading time has to be considered in comparison 
with time required for information systems to 
upload any MRI study. A substantial advantage 
is  foreseeable in the case of reading sessions 
composed of only breast MRI screening 
examinations.

Future prospective large studies will clarify 
the scenarios for the usage of abbreviated CE 
MRI protocols in the screening setting, also in 
comparison/combination with DWI as a non- 
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contrast option (Yamada et  al. 2018). An issue 
deserving accurate evaluation is the diagnostic 
performance of abbreviated protocols for the 
evaluation of known BCs not only for the detec-
tion/characterization of already known cancer 
lesions (Heacock et  al. 2016), but also for the 
detection of additional ipsilateral or contralateral 
invasive cancers, DCIS associated to invasive 
cancers, and ipsilateral or contralateral pure 
DCIS lesions.

The readers will find an extensive review on 
abbreviated protocols for breast MRI in the 
Chapter “Abbreviated Breast MRI: Short and 
Sweet?”.

7  High-Risk Screening

A high risk of BC pertains to women:

 1. Being carriers of deleterious BRCA1 or 
BRCA2 mutations, or their untested first- 
degree relatives who have a 50% probability 
to be a carrier (Saslow et al. 2007)

 2. Being affected with Li-Fraumeni (TP53), 
Cowden (PTEN), or Bannayan–Riley–
Ruvalcaba syndromes, or their untested first-
degree relatives (Saslow et al. 2007)

 3. Having a lifetime risk of 20–25% or greater 
(Saslow et al. 2007) as defined by risk assess-
ment tools such as those incorporating famil-
ial and personal risk factors (Tyrer et al. 2004; 
IBIS Breast Cancer Risk Evaluation Tool 
2018)

 4. Previously treated with chest radiation ther-
apy before 30 years of age (Saslow et al. 2007; 
Henderson et al. 2010; Mariscotti et al. 2016)

Of note, while the first, the second, and also 
the fourth categories are associated with a very- 
high- risk profile (over 40–50% of lifetime risk), 
the third category includes women with substan-
tially lower risk, even though at least about dou-
ble if compared to that of the general population. 
A practical approach is to consider genetically 
untested women with a strong family history of 
BC as being at high risk when three or more 
events occurred in first- or second-degree rela-

tives in either the maternal or the paternal line, 
including female BC under 60 years of age, ovar-
ian cancer, or male BC at any age (Sardanelli 
et  al. 2007, 2010, 2011). Radiologists should 
evaluate personal and family history of women 
they encounter in screening or diagnostic prac-
tice in order to use risk modeling software and, 
importantly, to refer to genetic counselling those 
women potentially being at high risk.

However, thresholds of lifetime risk for defin-
ing a high-risk profile vary across countries. For 
instance, while the American Cancer Society 
(Saslow et  al. 2007) and the ACR (American 
College of Radiology 2012), both from the USA, 
agree upon a ≥20% lifetime risk, the National 
Institute for Clinical Excellence, from the UK, 
proposes a ≥30% lifetime risk (National Institute 
for Clinical Excellence 2013).

Breast MRI has been largely demonstrated to 
outperform conventional imaging (i.e., mam-
mography and/or US) for screening high-risk 
women (Fig. 8). Evidence from three individual 
patient data meta-analyses suggests that:

 1. Screening BRCA mutation carriers with mam-
mography and MRI improves sensitivity, rela-
tive to mammography alone, not only in 
women aged <50  years but also ≥50  years, 
thus indicating that there are no reasons to 
stop MRI screening over 50 (Phi et al. 2015).

 2. In BRCA1 and BRCA2 mutation carriers, the 
relative contribution of mammography 
 compared to MRI is not significant even 
though, especially in BRCA2 mutation carri-
ers ≤40  years, mammography can detect 
some DCIS with microcalcifications occult to 
MRI (Phi et al. 2016).

 3. When considering only women with a strong 
family history of BC, without a known gene 
mutation (i.e., excluding from analysis all 
mutation carriers), the incremental diagnos-
tic power of MRI remains impressive, with 
sensitivity going from 55% (mammography 
alone) to 89% (MRI alone) to 98% (MRI 
plus mammography), even though with an 
(acceptable) trade-off in terms of specificity 
(94%, 83%, 79%, respectively) (Phi et  al. 
2017).
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Fig. 8 High-risk screening. Forty-one-year-old woman 
with BRCA1 mutation. Negative bilateral mammography, 
with extremely dense pattern (ACR class, d) (a). First- 
look bilateral US (not shown) was negative. 1.5T MRI 
(0.08  mmol/kg of gadobutrol) showed a 10-mm suspi-
cious enhancing lesion in the right breast in typical pre-

pectoral location (arrow in b), corresponding, at 
second-look targeted US, to a hypoechoic suspicious 
lesion (asterisk in c, where the needle for the core biopsy 
sampling is also visible, arrow). Pathology revealed a tri-
ple-negative grade 2 invasive ductal carcinoma

To note, the high statistical power of individ-
ual patient data meta-analysis methodology 
allowed by data sharing among the authors of 
original studies who accepted to contribute 
(Sardanelli et al. 2018a) permitted to clarify these 
important aspects of the application of breast 
MRI to the screening of high-risk women. Of 

course, this cannot overcome limitations of the 
original studies incorporated in the meta- 
analyses, such as the relatively low MRI sensi-
tivities obtained by the first studies. The MRISC 
study from the Netherlands (Kriege et al. 2004) 
reported an MRI sensitivity of 71% overall and 
only 17% for DCIS, the Canadian study (Warner 
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et  al. 2004) 77% and 67%, and the MARIBS 
study from the UK (Leach et al. 2005) 77% and 
50%, respectively.

Interestingly, looking at the data of multiple 
studies, the 2007 paradigm of the American 
Cancer Society (MRI as an adjunct to mammog-
raphy) for screening high-risk women (Saslow 
et  al. 2007) has been reverted, investigating on 
mammography as an adjunct to MRI to verify the 
possibility to avoid screening mammography in 
this particular population. This possibility was 
already evident from the EVA (Kuhl et al. 2010) 
and the HIBCRIT (Sardanelli et al. 2007, 2011) 
studies that showed a very low (and not signifi-
cant) additional value of mammography and/or 
US when MRI is performed. Importantly, the 
EVA trial (Kuhl et  al. 2010) showed this also 
when US is performed every 6 months. More 
recent studies confirmed that in the high-risk 
screening setting, when MRI is performed, the 
additional diagnostic contribution of mammogra-
phy is negligible or strongly limited to low-grade 
DCIS (Chiarelli et al. 2014; Obdeijn et al. 2014; 
Riedl et al. 2015; Lo et al. 2017).

Notably, this residual role, if any, of mammog-
raphy in the high-risk screening has to be dis-
cussed also for radioprotection concerns, 
especially important for BRCA mutation carriers. 
An increasing evidence for a word of caution is 
available (Colin et  al. 2017). Mammography 
should not be performed in high-risk women 
below 35 years as there is no evidence that bene-
fits outweigh risks and, in particular, it should be 
avoided in TP53 mutation carriers at any age. If 
the additional value, even if low, of mammogra-
phy has to be added, e.g., in BRCA2 mutation 
carriers (Phi et al. 2016), one solution can be to 
perform only one (mediolateral oblique) view 
(Colin and Foray 2012). When a salpingo- 
oophorectomy is opted, MRI surveillance should 
not be discontinued as the BC risk decreases but 
still remains to be high (Fakkert et al. 2012). In 
the presence of prophylactic or therapeutic mas-
tectomy, annual clinical breast examination and 
US are suggested.

However, even though no doubts exist on the 
diagnostic performance of MRI for screening 
women with hereditary BC predisposition, asso-

ciated with either identified deleterious mutations 
or only strong family history, the demonstration 
of an impact of MRI on patient outcome is more 
difficult to achieve due to the combined effect of 
early diagnosis and modern therapies. In fact, in 
all studies where a non-randomized controlled 
design is adopted, advanced treatments act as a 
confounding factor for assessing the effect of the 
early diagnosis (Sardanelli and Di Leo 2009b). 
From this viewpoint, the comparison of historical 
cohorts (i.e., of groups of women who had not 
only different screening but also different treat-
ments) (Evans et al. 2014) is interesting but not 
conclusive. The better outcome (i.e., survival) of 
high-risk women who had MRI screening com-
pared to those who had mammography, and of 
the latter compared to those who were not 
screened at all, showed a positive historical trend 
(Evans et al. 2014): both imaging techniques and 
therapies improved during the years but the rela-
tive contribution of each of the two factors is not 
discernible (Santoro et al. 2014).

Interestingly, S.  Saadatmand and coworkers 
(2015b) reported on survival benefit from the 
Dutch MRI Screening (MRISC) study for a 
median follow-up of 9 years (range 0–14). They 
matched (1:1 ratio) 93 patients (with 97 BCs) 
who received MRI <2 years before breast cancer 
diagnosis during the study with controls, 
unscreened if <50 years, and screened with bien-
nial mammography if ≥50  years, taking into 
account risk category (BRCA1/2 mutation carri-
ers, familial risk), year, and age of diagnosis. 
MRISC patients showed the following significant 
results when compared to controls: smaller BCs 
(<T2 stage, 87% versus 52%); more often node- 
negative nodal status (69% versus 44%); less 
chemotherapy (39% versus 77%) and hormonal 
therapy (14% versus 47%); lower frequency of 
diagnosis of metastases (9% versus 23%); and 
longer metastasis-free survival (hazard ratio 
0.36), even after lead time correction (hazard 
ratio 0.40). The overall survival was nonsignifi-
cantly higher in MRISC patients (hazard ratio 
0.51). The authors concluded that the addition of 
annual MRI to screening mammography 
improves metastasis-free survival in these 
patients.
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Another viewpoint has been offered by 
F. Podo and coworkers (2016) who analyzed sur-
vival data of triple-negative BCs and non-triple- 
negative BCs from the HIBCRIT-1 study. They 
showed that annual screening including MRI is 
associated with a 5-year overall survival not sig-
nificantly different between non-triple-negative 
BCs (86%  ±  9%) and triple-negative BCs 
(93% ± 5%). A similar trend was found for the 
5-year disease-free survival (77% ± 12% versus 
76% ± 8%, respectively). This data show that in 
high-risk women, by combining an MRI- 
including annual screening with adequate treat-
ment, the gap in outcome between triple-negative 
and non-triple negative BCs, reported to be very 
high in the average-risk population (Dent et  al. 
2007) (hazard ratio 2.6 for distant recurrence and 
3.2 for death), can be reduced. However, the out-
come results of the HIBCRIT study have to be 
tempered with the evidence for a better response 
to neoadjuvant therapy (NAT) in BRCA mutation 
carriers than in noncarriers, with an odds ratio of 
2.5 for pathologic complete response (pCR) 
(Wunderle et al. 2018).

Considering the ethical impossibility to pro-
pose any randomized controlled trial (RCT) for 
comparing patient outcome in high-risk women 
receiving or not receiving MRI screening, the 
relative contribution of the MRI-determined ear-
lier diagnosis to the good outcome for these 
women remains an issue deserving further 
investigation.

The fourth category of high-risk women we 
are considering here is composed of patients 
who have been treated with chest radiation 
therapy, typically lymphoma survivors. The 
cumulative BC incidence in women who under-
went chest radiation therapy is not substantially 
different from that of BRCA mutation carriers 
(Henderson et al. 2010; Mariscotti et al. 2016). 
Importantly, BCs in these women show differ-
ent phenotypes from those we observe in 
women with hereditary BC predisposition. 
Indeed, MRI sensitivity is lower (63–80%) and 
that of mammography higher (67–70%) than 
that observed in women with hereditary predis-
position, due to a higher incidence of DCIS 
with microcalcifications and low neo-angiogen-

esis, with the latter probably related to the pre-
vious radiation therapy. A sensitivity close to 
95% can be obtained only using mammography 
as an adjunct to MRI.

Considering the available evidence, women 
who underwent chest radiation therapy before 30 
receiving a cumulative dose ≥10  Gy should be 
invited after 25 (or, at least, 8 years after chest 
radiation therapy) to have annual MRI using the 
same protocol recommended for women with 
hereditary predisposition and annual bilateral 
two-view full-field digital mammography or 
tomosynthesis with synthetic 2D reconstructions 
(Mariscotti et al. 2016).

While breast MRI is a well-accepted screen-
ing tool for high-risk women, the indication for 
women at intermediate risk is a matter for discus-
sion. This condition, the intermediate risk, needs 
to be defined accurately due to the wrong 
 perception that is in the middle between the high 
risk and the average risk. This is not true. Many 
high- risk women enrolled in many studies are 
BRCA mutation carriers or belong to families 
with a strong history of breast/ovarian cancer, 
implying a lifetime risk equal to 40–50% or 
greater. Thus, BC incidence in intermediate-risk 
women should be substantially lower than that in 
women at high risk. The distinction between 
women at high risk and women at elevated 
(“higher-than-average”) risk should be kept 
clear, with the latter being a much larger category 
including the former one.

For example, women with heterogeneously 
or extremely dense breasts at mammography, 
with previous diagnosis of BC or personal his-
tory of some types of B3 lesions (such as atypi-
cal ductal hyperplasia, atypical lobular 
hyperplasia, and lobular carcinoma in situ), 
should be considered at intermediate risk. 
Recently, the ACR (Monticciolo et  al. 2018) 
recommended annual MRI screening for women 
with a personal BC history and dense tissue or 
diagnosed by age 50. The authors also advice to 
consider screening MRI for women with per-
sonal BC history not included in the previous 
category and for women who were diagnosed 
with atypical ductal hyperplasia or lobular 
neoplasia.
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In our opinion, also considering the issue of 
GBCA brain accumulation/retention, RCTs 
comparing mammography and US versus MRI 
(alone or as supplemental tool) in intermediate-
risk women is the best way to get a high level of 
evidence. Women with a personal history of BC 
could be offered with dedicated sessions includ-
ing annual mammography or digital breast tomo-
synthesis (DBT), starting from the year after 
treatment and lasting up to 74 years of age, under 
the organization of population-based screening 
programs (Bucchi et al. 2016). Regarding women 
with extremely dense breasts (class d), the results 
of the DENSE trial (Bakker et al. 2019) changed 
the scenario. The authors showed that screening 
women with density d with contrastenhanced 
breast MRI results into an additional breast can-
cer detection of 16.5‰ and a 50% reduction of 
the interval cancer rate, from 5.0‰ with mam-
mography only to 2.5‰ when MRI is added. 
Cost-efficacy analysis resulted favorable to MRI 
screening of women with d breast density 
(Geuzinge et al. 2021). This perspective has 
been embraced by recent EUSOBI recommenda-
tions (Mann et al. 2022).

7.1  Assessing the Response 
to Neoadjuvant Therapy (NAT)

In the last years, clinical indications to NAT for 
BC have dramatically expanded including not 
only locally advanced breast cancers less than 
5  cm in diameter with regional, skin, or chest 
wall involvement, but also tumors larger than 
2.5 cm in diameter and triple-negative or human 
epidermal growth factor receptor 2 (HER2)-
positive and node-negative tumors where the 
excision might be suboptimal or not feasible 
(Slanetz et al. 2017).

The primary aim of NAT pertains to reducing 
tumor burden allowing for conserving surgery; 
secondary aims are treating (occult) metastatic 
disease present in nearly 70% of women with 
locally advanced disease (Cox et  al. 2013) and 
optimizing therapeutic protocols by getting early 
information on the responder versus nonre-
sponder condition. Importantly, patients who 

achieve a pCR to NAT have an improved disease- 
free survival (Dialani et al. 2015).

Indeed, the role of imaging is crucial before, 
during, and after NAT.  Digital mammography 
and DBT, most often in conjunction with US, 
represent the usually performed modalities 
(Slanetz et  al. 2017; Dialani et  al. 2015). Their 
limitations can occur in early prediction of 
response and in assessing residual tumor after 
NAT. Relying mainly on morphologic character-
istics, these methods may be unable to reflect 
changes in tumor metabolism and vasculariza-
tion, which can be the only appreciable early 
signs of NAT effect, thus being not predictive for 
pathologic response.

MRI, as per its highly resolved tomographic 
and multiparametric approach including func-
tional assessment, overcomes this hurdle and 
ranks as the modality of choice in monitoring 
NAT. V. Dialani and coworkers (2015) reported a 
90% accuracy for MRI in assessing residual 
tumor size compared to 32% for mammography 
and 60% for US.  Importantly, MRI has been 
shown to be more accurate than mammography 
also when residual microcalcifications are visible 
on the post-NAT mammograms (Kim et al. 2016; 
Um et al. 2018).

The aims of imaging, especially of MRI as the 
best option, in the NAT setting can be summa-
rized as follows:

 1. Pretreatment prediction of response to NAT
 2. Early prediction of response during NAT, 

after only 1–2 therapy cycles (Fig. 9), poten-
tially inducing changes of NAT regimens

 3. Assessment of residual tumor, if any, after 
NAT, i.e., pre-surgical prediction of 
response—of note, a special case of preopera-
tive breast MRI (Fig.  10), guiding surgical 
decision-making (mastectomy versus con-
serving surgery)

 4. Prognostic prediction as a contribute to clini-
cal decision-making during the follow-up

Up to now, these aims were partially exploited 
in clinical practice. High-quality research is still 
needed, in particular for aims 2 and 3, where 
only coordinated multidisciplinary efforts can 
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Fig. 9 Early response to neoadjuvant therapy (NAT). A 
37-year-old woman with right breast invasive ductal carci-
noma and left breast known fibroadenoma. Breast MRI 
MIP reconstructions of the first CE sequence before and 
during NAT (3T magnet, 0.1  mmol/kg of gadobenate 
dimeglumine): axial (a, d), right sagittal (b, e), and left 
sagittal (c, f). Before NAT, at the right inner quadrants 
(arrow in a and b), a 20  mm mass enhancement corre-
sponding to the invasive ductal carcinoma, at the left 
upper quadrants, a 13 mm mass enhancement correspond-
ing to the known fibroadenoma (arrowhead in a and c). 

After two cycles of NAT, MIP reconstructions (same tech-
nique as before NAT) showed no residual contrast 
enhancement in the right breast (d, e), and at the left upper 
quadrants, the known fibroadenoma (d and f, arrowhead). 
Note that NAT also strongly reduced the visibility of both 
breasts and the enhancement of the fibroadenoma. The 
patient underwent conservative surgery and the pathology 
of the specimen did not find any residual invasive or in 
situ cancer. (Courtesy of Dr. Massimo Calabrese, Breast 
Radiology, Ospedale Policlinico San Martino, Genoa, 
Italy)

conduct observational and, at the best, RCTs to 
clarify the role of imaging for tailoring treat-
ment in the NAT setting. Of note, at all four 
steps, quantitative MRI-derived parameters 
such as volumetric measurements, kinetic anal-
ysis, and ADC measurement of the tumor as 
well as of the ipsilateral and contralateral appar-
ently healthy gland can give in vivo diagnostic 

and prognostic information. Aim 4 is currently 
only a perspective and has been rarely explored 
(Heldahl et  al. 2010), going also beyond the 
specific topic of NAT.

With regard to aim 1 (pretreatment predic-
tion of response to NAT), only few studies are 
available. For CE-MRI, tumor washout was 
shown to be a predictor of pCR (Dongfeng 
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Fig. 10 Early partial response and finally nonresponse to 
NAT. A 47-year-old woman with an invasive ductal carci-
noma in the right upper outer quadrant and two small 
fibroadenomas, one at the right lower outer quadrant and 
one at the left upper quadrant. MIP reconstructions of the 
first contrast-enhanced sequence (3T magnet, 0.1 mmol/
kg of gadobenate dimeglumine) before (a, b, and c), dur-
ing (d, e, and f), and after (g, h, and i) NAT: right sagittal 
(a, d, g), axial (b, e, h), and left sagittal (c, f, i). Before 
NAT, at the right inner quadrants, a 48-mm mass enhance-
ment corresponding to the invasive ductal carcinoma 
(long arrow in a and b), with metastatic axillary involve-
ment (asterisk in a and b), at the lower outer quadrant, an 
8 mm enhancing mass corresponding to a fibroadenoma 
(short arrow in a and b). At the left upper quadrants, a 
13  mm mass enhancement corresponding to a fibroade-
noma (arrowhead in a and c). Note also the marked asym-
metry of the whole-breast vascularization, increased on 
the tumor side. After two cycles of NAT, on the right side 

a strong reduction of the enhancing tumor, from 48 to 
13 mm in diameter (partial response, long arrow in d and 
e), can be observed; the metastatic axillary involvement 
(asterisk in d and e) is also reduced; the whole-breast vas-
cularization is markedly reduced. The fibroadenoma on 
the right breast is reduced in conspicuity, probably as an 
effect of the reduced whole-breast vascularization (short 
arrow in d and e), while the fibroadenoma on the left side 
is unchanged (arrowhead in e and f). However, after the 
end of NAT, on the right side the tumor mass has increased 
again, up to 27 mm (long arrow in g and h) in association 
with a re-increased axillary nodal involvement (asterisk in 
g and h) and ipsilateral vascularization, while the two 
fibroadenomas remained unchanged (short arrow and 
arrowhead in g, h, and i) in comparison to the examination 
after 2 NAT cycles. Pathology of right mastectomy con-
firmed a residual 36  mm invasive ductal carcinoma. 
(Courtesy of Dr. Massimo Calabrese, Breast Radiology, 
Ospedale Policlinico San Martino, Genoa, Italy)

et  al. 2012); radiomics such as intratumoral/
peritumoral parameters (Braman et  al. 2017), 
texture analysis (Giannini et al. 2017; Fan et al. 
2017), or tumor perfusion and background 
parenchyma enhancement of contralateral 
breast (Lee et al. 2018) were investigated with 
interesting results. For DWI, studies on pre-
treatment ADC as a predictor of response gave 
conflicting results (Park et  al. 2010; Richard 
et al. 2013; Bufi et al. 2015) while interesting 

results were obtained using texture analysis 
(Teruel et al. 2014).

Considering aims 2 (early prediction of 
response during NAT) and 3 (assessment of 
residual tumor size after NAT), many studies 
were published but the evaluation of the evidence 
is a complex matter for several reasons. First, 
several studies did not report any details of MRI 
and postprocessing technique adopted, thus heav-
ily limiting the reproducibility of results; second, 
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there is a lack of consistency in the pathological 
reference standard, mainly related to the inclu-
sion or noninclusion of residual DCIS in the con-
text of the pCR, making the comparison of results 
difficult (Marinovich et al. 2012, 2013a).

We summarize here the results available in the 
literature from systematic review published on 
this topic.

The secondary evidence on MRI for early pre-
diction of response to NAT was firstly presented 
by M.L. Marinovich and coworkers (2012). They 
included 13 studies totaling 605 subjects. The 
technique considered was the dynamic CE-MRI, 
typically performed after 1–2 cycles of 
anthracycline- based or anthracycline/taxane- 
based NAT, compared to a pre-NAT baseline 
scan. Although heterogeneity in MRI methods 
and reference standard precluded statistical meta- 
analysis, descriptive data showed that sensitivity/
specificity pairs for early prediction of pathologic 
response were highest in studies measuring 
reductions in Ktrans, early contrast uptake, and 
tumor volume, at high thresholds (typically 
>50% of reduction), while lower sensitivity/spec-
ificity pairs were evident in studies measuring 
reductions in unidimensional or 2D tumor size.

The same group evaluated the role of CE-MRI 
in detecting residual tumor after NAT (Marinovich 
et  al. 2013a). They included 44 studies totaling 
2050 patients. The overall area under the curve 
(AUC) at receiver operator characteristic analysis 
for MRI was 0.88 (0.83 for standard definitions 
of pCR, 0.90 for “less clearly described” pCR, 
and 0.91 for “near pCR”). Specificity was signifi-
cantly higher when negative MRI was defined as 
contrast enhancement less than or equal to nor-
mal tissue versus no enhancement (AUC 0.83 
and 0.54, respectively), without significantly dif-
ferent sensitivity (AUC 0.83 and 0.87, respec-
tively). When direct comparisons were obtained, 
MRI was significantly more accurate than mam-
mography (AUC 0.95 versus 0.89). Weak evi-
dence was found (p = 0.10) for MRI (AUC 0.89) 
to be more accurate than clinical examination, 
while the difference between MRI (AUC 0.93) 
and US (AUC 0.90) was not significant.

Focusing on the agreement between MRI after 
NAT and pathologic tumor size, again the same 

group (Marinovich et al. 2013b) extracted data from 
19 studies for 980 patients. The percentage agree-
ment between MRI and pathology was greater than 
that of comparator tests, but measurement errors 
may be large enough to be clinically significant. A 
deeper insight was obtained using the method of 
individual patient data meta- analysis (Marinovich 
et al. 2015). Data from 300 patients shared by the 
authors of 8 studies allowed to estimate the mean 
difference between MRI and pathology to be 
0.0 mm (with limits of agreement of ±3.8 cm); US 
underestimated the pathologic size by -0.3  cm; 
mammography had similar mean difference from 
pathology as MRI but with wider limits of agree-
ment; and clinical examination underestimated 
tumor size (-0.8  cm), with also wider limits of 
agreement. The authors concluded that MRI perfor-
mance was generally superior to that of mammog-
raphy, US, and clinical examination and that MRI 
may be considered the most appropriate test in this 
setting. However, MRI under- and overestimation 
of tumor size has to be always considered as a pos-
sibility in a non- negligible fraction of patients.

In the same years (2012), L.M.  Wu and 
coworkers (2012) meta-analyzed 34 studies total-
ing 1932 patients to investigate the role of DWI 
and CE-MRI in predicting the pathological 
response after NAT.  For DWI, sensitivity was 
0.93, specificity 0.82, positive likelihood ratio 
5.09, and negative likelihood ratio 0.09; for 
CE-MRI, the same data were 0.68, 0.91, 7.48, 
and 0.36. Although the authors considered their 
results to be only “tentative,” data showed the 
potential of DWI in the NAT setting and that of a 
combined use of both techniques.

Thereafter, other two meta-analyses con-
firmed the ability of DWI in predicting pCR after 
NAC. W. Chu and coworkers (2017) included 15 
studies totaling 1181 patients and obtained 
pooled sensitivity of 0.88, specificity 0.79, posi-
tive likelihood ratio 4.1, negative likelihood ratio 
0.16, and AUC 0.91. W.  Gao and coworkers 
(2018) included 20 studies totaling 1490 patients 
and obtained pooled sensitivity of 0.89, specific-
ity 0.72, and AUC 0.91. The similarity of the 
results of these two recent meta-analyses plays in 
favor of the high diagnostic performance of DWI 
in the preoperative NAT setting.
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However, in the NAT setting, also positron- 
emission tomography (PET) (using the standard 
18F-FDG tracer) has been evaluated and com-
pared to MRI.  Y.L.  Gu and coworkers (2017) 
concluded that after NAT, CE-MRI has high 
specificity and DWI high sensitivity, CE-MRI is 
more accurate than US or mammography, and 
PET/CT is valuable in this setting, so that 
CE-MRI, combined with PET/CT or DWI, might 
allow for a precise assessment of pCR.  Two 
meta-analyses specifically aiming at comparing 
PET/CT and MRI in this setting gave specular 
results. Q. Liu and coworkers (2016) included 6 
studies totaling 382 patients. Pooled sensitivity, 
specificity, and AUC were 0.65, 0.88, and 0.84 
for MRI, and 0.86, 0.72, and 0.88 for PET/
CT.  More recently, another meta-analysis (Li 
et  al. 2018) evaluated 13 studies totaling 575 
patients who had MRI and 618 who had PET/CT: 
sensitivity, specificity, and AUC were 0.88, 0.69, 
and 0.88 for MRI, and 0.77, 0.78, and 0.84 for 
PET/CT.  The more innovative approach, the 
hybrid PET/MRI examination, was used in a 
single- center study on 26 patients (Cho et  al. 
2018): the combination of total lesion glycolysis 
at PET/CT and signal enhancement ratio at 
dynamic CE-MRI allowed to reach 100% sensi-
tivity but only 71% specificity in predicting pCR.

At present, considering the advantages of 
MRI in comparison to PET (lower cost, no radia-
tion exposure) and the double technical possibil-
ity offered by MRI (CE dynamic study and 
DWI), two questions are open. First, could DWI 
be performed as a stand-alone technique in the 
NAT setting, offering a very fast MRI approach 
to be repeated before, during (also more than one 
time), and after NAT, avoiding multiple GBCA 
injections? Second, which is the best approach 
for the combined interpretation of CE-MRI and 
DWI to maximize the diagnostic performance in 
predicting pCR? These questions deserve further 
research, for example evaluating the combined 
use of CE-MRI and DWI before and after NAT 
and of DWI alone during the treatment.

Trying to summarize the available evidence, 
we can say that MRI is the best we can propose to 
patients undergoing NAT for BC, combining a 
CE study with DWI.

Some practical recommendations should be 
considered:

 1. MRI should always be performed using a 
fixed repeatable sequence protocol possibly 
on the same magnet, before, during, and after 
NAT in order to allow comparisons between 
examinations (unless in the case of research 
investigating the role of DWI alone during the 
NAT).

 2. After NAT, MRI should be preferably per-
formed 2 weeks after the end of the treatment 
and within 2 weeks before surgery.

 3. The same criteria of interpretation should be 
systematically adopted when evaluating the 
response, for the CE study, with reference to 
the response evaluation criteria in solid tumors 
(RECIST 1.1) (Eisenhauer et  al. 2009; 
Semiglazov 2015) or more advanced 
approaches taking into consideration Ktrans, 
early contrast uptake, and tumor volume 
(Marinovich et  al. 2012), possibly measured 
with software reducing the subjectivity of the 
human operator (Sardanelli et al. 2012).

 4. To avoid false-negative results, i.e., the false 
diagnosis of pCR when invasive cancer is still 
present, even low enhancement areas located 
at the primary tumor site should be considered 
a sign for residual disease; in a recent study 
(Santamaría et al. 2017), the absence of late 
contrast enhancement allowed to predict pCR 
after NAT with an AUC of 0.85, in correlation 
with an increase in ADC.

 5. An important distinction should be made 
between concentric shrinkage and tumor frag-
mentation, both during and after NAT, with 
important implications for early prediction of 
response (more frequent with the presence of 
concentric pattern (Ballesio et al. 2017)) and 
for guiding the choice between conserving 
surgery and mastectomy (contraindicated by 
the fragmented pattern).

 6. Consider the differences in imaging perfor-
mance according to BC molecular subtypes. 
Triple-negative and HER2-positive BCs are 
more assessable with MRI than luminal 
tumors (McGuire et  al. 2011; Moon et  al. 
2013; Koolen et  al. 2013; Park et  al. 2016; 
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Fatayer et  al. 2016; Schaefgen et  al. 2016; 
De Los Santos et  al. 2013); this also holds 
for PET/CT (Koolen et  al. 2013; Schmitz 
et  al. 2017). In the case of monitoring 
response during NAT, MRI was found to be 
more accurate than PET/CT for HER2-
positive tumors and equivalent to PET/CT in 
triple-negative tumors while for estrogen 
receptor-positive tumors MRI combined 
with PET/CT was better than MRI alone, 
although not significantly (Schmitz et  al. 
2017). A study (Fukuda et  al. 2016) found 
that MRI closely predicts pCR in triple-neg-
ative subtype, not true in luminal subtypes 
(where the absence of enhancement cannot 
be considered a predictor if pCR and visible 
residual lesions are reliable markers of non-
pCR). Another recent study (Kim et al. 2018) 
showed that CE-MRI (delayed phase) under-
estimates the size of lobular cancers in com-
parison with ductal cancers and that of 
HER2-negative cancers in comparison with 
HER2-positive cancers and triple-negative 
cancers.

 7. Thresholds for reading MRI after NAT could 
be more effective if adjusted for pathological 
subtypes (Lo et  al. 2016), a task that every 
center should be performed for the MRI unit, 
the sequence protocol, the GBCA type, and 
the postprocessing software used.

 8. Be cautious in MRI interpretation when 
patients are treated with taxane-containing 
(Charehbili et  al. 2014) or bevacizumab- 
containing (Etxano et al. 2015) regimens (in 
this setting, the lack of CE is a less sure 
marker for pCR).

 9. A standardized definition of pCR should be 
always adopted, including the possibility of 
the presence of DCIS (Ogston et al. 2003), as 
a necessary homogeneous ground of truth for 
comparison of clinical and research results.

Finally, the use of MRI in the NAT setting 
should be still considered an evolving matter for 
several reasons:

 1. Indications to NAT are expanding also in not 
locally advanced BCs (Slanetz et al. 2017).

 2. Further optimization of MRI techniques can 
be reached, especially combining CE-MRI 
and DWI with interpretation thresholds taking 
into account BC molecular subtypes.

 3. Prospective, possibly randomized controlled, 
studies are needed to show how MRI can:

 (a) Guide a change from first-line NAT to a 
second-line NAT on the basis of MRI 
after 1 or 2 NAT cycles, as already shown 
in a retrospective study (Fatayer et  al. 
2016)

 (b) Guide the choice between mastectomy 
and breast-conserving surgery after NAT

 (c) Exploit the negative predictive value 
(NPV) of MRI, also in combination with 
directed core biopsy, with the golden aim 
to avoid surgery in the cases of negative 
CE-MRI, DWI, and core biopsy, referring 
the patient directly to radiation therapy

At any rate, for both clinical routine and 
research MRI examinations in the NAT setting, 
only a great cooperation of the multidisciplinary 
BC team can exploit the potential for a better 
patient outcome, especially reducing overtreat-
ment. For this strategic aim, oncologists and sur-
geons will have to increase their confidence in 
MRI, depending on the ability of radiologists to 
show how to make the best use of it. For instance, 
when considering surgical treatment, the team 
will have to overcome the old propensity of sur-
geons to opt for mastectomy also in case of excel-
lent response to NAT (Chen et al. 2009).

This propensity has been confirmed by a 
recent study (McGuire et al. 2015) reporting on 
surgical patterns in patients receiving NAT and 
MRI in eight centers in the USA. Of 759 patients, 
45% received conserving surgery and 55% mas-
tectomy. Mastectomy was significantly more fre-
quent in the case of incomplete MRI response 
versus complete (58% versus 43%). At multivari-
ate analysis, positive estrogen receptor status, 
incomplete MRI response, higher baseline T, 
younger age, and institution were independent 
mastectomy predictors. In patients with incom-
plete response at MRI only, a highly significant 
trend for mastectomy with increasing baseline T 
was observed. Importantly, among women with 

F. Sardanelli et al.



187

complete response on MRI, 43% underwent mas-
tectomy. The authors rightly concluded that 
receptor status, T stage at diagnosis, young age, 
and treating institution are more significant 
determinants of surgical treatment choice than 
MRI response data.

Finally, we should not forget that while MRI 
has been clearly demonstrated to outperform 
mammography in the NAT setting, its superior-
ity to US resulted to be less pronounced also in 
meta-analyses. A study (Vriens et  al. 2016) 
showed US to be equivalent to MRI in assess-
ing the residual tumor size after NAT in 123 
patients. 

7.2  Preoperative

The preoperative setting is the most debated 
breast MRI indication.

To understand the complexity of the discus-
sion, we have to firstly place the topic within the 
historical context of BC therapy evolution. Since 
many years, breast-conserving treatment com-
posed of limited surgery (lumpectomy/quadran-
tectomy) and whole-breast irradiation has been 
accepted as the preferred option for operable 
BCs, being comparable to mastectomy in terms 
of overall survival as shown by long-term studies 
(Veronesi et  al. 2002; Fisher et  al. 2002). 
Nevertheless, it is associated with a non- 
negligible incidence of locoregional recurrences 
and new primary ipsilateral or contralateral BCs, 
from 1.0% to 1.5% per year during 15–20 years 
(Bucchi et al. 2016). In addition, a meta-analysis 
of 21 studies totaling 14,571 patients (Houssami 
et al. 2010) reported a 26% pooled rate of posi-
tive or close margins at pathology examination of 
surgical specimens, associated with an odds ratio 
for local recurrence of 2.42 compared to patients 
with negative margins. A study on surgical out-
come of 1648 women having conserving surgery 
for screen-detected BCs (Kurniawan et al. 2008) 
reported a rate of close (≤1 mm) margins of 16% 
and of positive margins of 14%, which prompted 
re-excision in 17% of the women, of whom 33% 
had residual disease.

The second point is the unparalleled sensitiv-
ity of CE-MRI for BC lesions, in particular in the 
case of multifocal and multicentric disease. 
When MRI was compared to double-reading 
mammography using 5-mm slicing mastectomy 
specimens as a reference standard in 99 breasts of 
90 women in a multicenter study, its sensitivity 
for 188 malignant lesions was significantly 
higher (81%) than that of mammography (66%), 
with a PPV not significantly different (69% ver-
sus 79%, respectively) (Sardanelli et al. 2004b). 
Thus, the performance of preoperative MRI is out 
of discussion, as also recently shown by the 
report regarding two international multicenter 
studies for a total of 903 patients (Sardanelli et al. 
2016b), where local investigators obtained up to 
96% sensitivity and 97% specificity.

On this basis, MRI has been advocated as a 
method for tailoring, i.e., personalizing, the sur-
gical treatment, anticipating the diagnosis of 
contralateral cancers, improving the surgical 
outcome, and reducing the rate of re-excision 
for positive margins, with a potential for improv-
ing disease-free survival. However, it is not easy 
to verify these expectations in the context of the 
usual approach to BC treatment, mostly includ-
ing mastectomy (per guidelines still indicated 
for any case of multifocal or multicentric can-
cer) or conserving surgery and whole- breast 
radiation therapy. The discussion is far from 
being concluded, with arguments in favor 
(Sardanelli 2010a, b; Mann and Boetes 2010; 
Sardanelli and Trimboli 2012) and against 
(Morrow and Harris 2009; Solin 2010; Houssami 
and Solin 2010; Jatoi and Benson 2013) preop-
erative breast MRI.

The third point deals with methodological 
problems in the application of EBM (Oxford 
Centre for Evidence-based Medicine 2009) to 
preoperative breast MRI. In fact, with this exami-
nation we explore three clinical issues at once 
(Fig. 11):

 1. The size of the known index lesion (the T 
parameter)

 2. The possible presence of additional cancers in 
the ipsilateral breast
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b

Fig. 11 Preoperative MRI: tailored treatment or over-
treatment? A 36-year-old woman with palpable nodules at 
the left lower outer quadrant had inconclusive mammog-
raphy with an extremely dense pattern (a). US (not shown) 
detected three hypoechoic nodules suspected for malig-
nancy. MRI (1.5T magnet, 0.1  mmol/kg of gadobenate 
dimeglumine) detected 22 suspicious lesions (b, axial 
MIP reconstruction), all of them in the left external lower 
quadrant and a suspicious lesion (arrow) in the right 
breast, not visible at second-look US. US-guided biopsy 
confirmed multifocal disease (invasive ductal carcinomas) 

in the left breast. The patient refused MRI-guided biopsy 
of lesion at the right breast. Left mastectomy was per-
formed and more than 20 malignant lesions at the lower 
outer quadrant were confirmed as invasive ductal cancers 
at pathology. Systemic therapy was administered. Up to 2 
years after the end of treatment, no enhancing suspect 
lesion was visible in the right breast. This case shows the 
contemporary high performance of MRI for local ipsilat-
eral staging but also the potential for overdiagnosis and 
overtreatment in the preoperative setting in the same 
patient

 3. The possible presence of additional cancers in 
the contralateral breast

According to EBM rules (Oxford Centre for 
Evidence-based Medicine 2009), the definition 
of T (issue 1) is a diagnostic task for which tests 
can be validated by cohort studies with reference 
standards independent of the test and applied 
blindly or objectively to all patients. In other 
words, non-randomized prospective (intraindi-
vidual) studies enable us to choose the test with 
the best sensitivity/specificity, without needing 

RCTs. No doubt that a state-of-the-art breast 
MRI is the best option for this diagnostic task. On 
the other hand, searching for cancers in the con-
tralateral breast (issue 3) is a screening in a high- 
risk breast. However, any screening before being 
implemented in clinical practice should be dem-
onstrated to be effective in terms of patient out-
come by RCTs (Oxford Centre for Evidence-based 
Medicine 2009; The Council of the European 
Union 2003). Searching for additional cancers in 
the ipsilateral breast (issue 2) can be considered 
in the middle, allowing for a comprehensive eval-
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uation of the T parameter, beyond the size, espe-
cially when they are nearby the known index 
lesion, thus being associated to the issue 1 (dis-
ease “extent” beyond the pure size), not needing 
RCTs before implementation. But they could 
also be thought to be the results of screening a 
high-risk tissue (the apparently healthy ipsilateral 
breast), thus being associated to the issue 3, need-
ing RCTs before implementation. Breast MRI 
gives information on all the three issues at the 
same time, while one would like to evaluate sepa-
rately each of them in terms of outcome—a “mis-
sion impossible.”

The fourth point is given by the difficulties in 
transferring the knowledge on disease extent 
obtained by preoperative MRI from the radiolo-
gist to the surgeon considering that breast MRI is 
performed in prone position while the patient 
will be operated in supine position, as explained 
above in this chapter (Carbonaro et  al. 2012). 
Pre-surgical localization by US or MRI guidance 
should be performed in all complex situations 
such as the need of additional excision in the con-
text of a conserving surgery. A learning curve by 
the surgeons is obvious and experience in coop-
eration by the team is necessary for getting opti-
mal results.

If we take these four preliminary points into 
account, we can understand the debate on preop-
erative breast MRI.

The frequency of additional cancers detected 
by preoperative breast MRI has been shown to be 
16% in a meta-analysis published in 2008 
(Houssami et  al. 2008) and 20% in a meta- 
analysis published in 2012 (Plana et  al. 2012). 
MRI has also been shown to detect additional 
BCs in the contralateral breast, in 3.1% in a large 
prospective study (Lehman et  al. 2007), and in 
4.1% (Brennan et al. 2009) and 5.5% (Plana et al. 
2012) of patients in meta-analyses. These results 
were somehow expected in consideration of the 
relatively high frequency of multifocal and multi-
centric nature of BCs, as already shown by old 
pathological studies on mastectomy specimens 
(Holland et  al. 1985). The clinical relevance of 
additional cancers detected at breast MRI has 
been investigated (Iacconi et al. 2016), showing, 
among patients with MRI-detected additional 

malignant lesions, lesions larger than the index 
cancer in 23% and more biologically relevant in 
5% of the cases. However, we should consider 
that many of the studies published (and meta- 
analyzed) suffer from a selection bias because 
those patients who are referred for preoperative 
breast MRI have a higher probability of addi-
tional disease than those who are not. This is a 
bias that frequently limits the external validity of 
those studies that consider a consecutive series of 
patients who had a disease AND a diagnostic test 
(Houssami and Ciatto 2010).

Only few RCTs on preoperative breast MRI 
were performed, using the reduction of re- 
intervention rate as a proxy of clinical effective-
ness. They gave conflicting results (two studies in 
favor of breast MRI (Sakakibara et  al. 2008; 
Gonzalez et  al. 2014), two studies against 
(Turnbull et  al. 2010; Peters et  al. 2011)), not 
allowing for drawing reliable conclusions 
(Sardanelli and Trimboli 2012).

We should note that the first study (Sakakibara 
et al. 2008) was only a small single-center study 
showing the advantage of supine MRI guidance 
for tailoring the conserving surgical treatment of 
relatively localized DCIS versus mammography 
guidance on a total of 52 patients: the average 
volume of pathologic specimens in the supine 
MRI group was significantly smaller than that in 
the conventional group (27.5  cm3 versus 
57.6  cm3), and the positive margin rate signifi-
cantly lower (12.5% versus 39.3%). So, it was a 
special study, anyway showing an interesting 
way to be run.

The second study in favor of MRI (Gonzalez 
et al. 2014) was a multicenter trial including 440 
breast cancer patients under 56  years of age. 
Patients randomized to MRI group had an 
observed higher percentage of planned breast- 
conserving surgery compared with the control 
group, with a change from suggested breast con-
servation to mastectomy in 23 of 153 (15%) 
patients. The breast reoperation rate was signifi-
cantly lower in the MRI group: 11 of 220 (5%) 
versus 33 of 220 (15%) in the control group. 
The rate of mastectomies and axillary reopera-
tions did not differ significantly between the 
groups.
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We need here to comment the two large stud-
ies that gave results against MRI, taking into 
account that they strongly contributed to the fol-
lowing meta-analyses. In the COMICE trial 
(Turnbull et al. 2010), over 1800 women with a 
newly diagnosed BC were randomized to MRI or 
no MRI. The reoperation rate resulted to be 19% 
in both groups, and total mastectomy rate 13% 
and 9%, respectively. The additional MRI cost 
was not significant. We should note at least that 
(1) many centers had low or very low experience 
with preoperative breast MRI; (2) imaging- 
guided (including MR-guided) needle biopsy 
was not systematically performed; and (3) con-
cern on randomization can be raised by the dif-
ference in terms of local recurrence rate 3 years 
after randomization between the MRI group 
(6.1%) and the non-MRI group (4.5%).

In the MONET trial (Peters et al. 2011), the 
effect of preoperative 3T MRI for non-palpable 
lesions was evaluated. From 626 eligible patients 
(including also those with benign lesions), the 
randomized comparison for cancer staging was 
done only between 74 patients (MRI arm) and 75 
patients (non-MRI arm), about half of each arm 
being affected with DCIS detected as microcalci-
fications at mammography. No significant differ-
ence was found for the rate of mastectomy, but 
the reoperation rate after conserving surgery 
resulted significantly higher in the MRI arm 
(34%) than in the non-MRI arm (12%), an unex-
pected result explained arguing that “patients 
with DCIS which could not be reproduced on 
MRI were treated with smaller lumpectomy 
specimens during the initial BCS [breast con-
serving surgery] procedure.” Sensitivity of 3T 
MRI for index lesions was suboptimal (lower 
than 85%), raising reasonable doubts on the reli-
ability of the study results.

Of note, these studies (and other old studies, 
especially when reporting unnecessary mastecto-
mies for false-positive MRI findings) were criti-
cized for the lack of specific experience, in 
particular regarding targeted US and MRI guid-
ance for biopsy/localization. Both procedures are 
now considered a must for a good clinical prac-
tice in breast MRI, in particular in the preopera-
tive setting where suspicious additional finding 

should be handled firstly with targeted US (Spick 
and Baltzer 2014) or with digital breast tomosyn-
thesis (Clauser et  al. 2015), leaving to MRI- 
guided procedures (Peter et al. 2016; Spick et al. 
2016b), with the cases not solved otherwise, as 
already mentioned in Sect. 1.

In this context, we can appreciate the results 
of meta-analyses on surgical outcomes of preop-
erative breast MRI. These studies tried to over-
come the intrinsic limitations of previous 
meta-analyses that had considered observational 
studies not having a control group (Houssami 
et al. 2008; Brennan et al. 2009) which implied 
an overestimation of the surgical impact of MRI, 
as admitted by the same authors’ group (Houssami 
et al. 2013).

Thus, a first new meta-analysis including 
studies with control group (Houssami et  al. 
2013) reported data for 3112 patients from 9 
studies (2 RCTs and 7 comparative cohorts). 
Pooled comparisons between the MRI group and 
the no-MRI group were presented using odds 
ratio, not adjusted and adjusted for study-level 
median age and, where appropriate, for temporal 
effect. The initial mastectomy rate was signifi-
cantly higher for the MRI group (16%) than for 
the no-MRI group (8%), even when adjusted for 
confounding factors; the re-excision after initial 
breast conservation was not significantly differ-
ent (12% versus 11%, respectively); the overall 
mastectomy rate was significantly higher for the 
MRI group (26% versus 18%, respectively), 
even when adjusted for confounding factors. In 
766 patients with invasive lobular histology, the 
initial mastectomy rate was 31% versus 25% 
(significantly different after adjustment); re-
excision after initial breast conservation 11% 
versus 18% (not  significantly different after 
adjustment, but with a p  =  0.09); and overall 
mastectomy rate 43% versus 40% (significantly 
different after adjustment). The authors con-
cluded for a significant increase of mastectomy 
rate associated with MRI and for unfavorable 
harm-benefit ratio for routine use of preoperative 
MRI. The evidence for the reduction of re-exci-
sion rate of lobular BCs was considered only 
weak and associated with a trade-off of increased 
mastectomies.
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An individual patient data meta-analysis pub-
lished in 2014 (Houssami et  al. 2014) (3180 
affected breasts in 3169 patients from 4 studies) 
showed that the 8-year local and distant 
recurrence- free survival did not significantly dif-
fer between patients locally staged with and 
without MRI.  A more recent meta-analysis 
(Houssami et  al. 2017) (19 studies, 85,975 
patients) did not find any evidence for preopera-
tive MRI to improve surgical outcomes such as 
re-excision or positive margins. A significant odd 
for ipsilateral mastectomy (odds ratio 1.39) and 
contralateral prophylactic mastectomy (odds 
ratio 1.91) was reported. In the subgroup with 
invasive lobular histology, preoperative MRI was 
not associated with an increase in mastectomy 
rate (odds ratio 1.0) while the odd for re-excision 
was reduced (odds ratio 0.65), even though not 
significantly.

The crucial point for interpreting the results of 
these researches is that, also when using the 
strongest approach, i.e., the individual patient 
data approach, meta-analyses cannot overcome 
the above-described general background and the 
limitations of the original studies included, both 
the problems of the two RCTs which obtained 
results against MRI and the limitations of the 
observational cohort studies in particular the 
selection bias, as we will explain below. As any-
one can understand, the debate is far from being 
closed.

In fact, the current scenario is characterized 
by two opposite tendencies. On the one side, the 
American Society of Breast Surgeons, in the 
context of a Choosing Wisely campaign 
(American Society of Breast Surgeons 2018), 
suggests: “Don’t routinely order breast MRI in 
new breast cancer patients.” This statement was 
based on the “lack of evidence that routine use of 
MRI lessens cancer recurrence, death from can-
cer, or the need for reoperation after lumpectomy 
surgery” while it is “associated with an increased 
need for subsequent breast biopsy procedures, 
delays in time to treatment, and higher cost of 
care.” They also added that “increased mastec-
tomy rates can occur if the MRI finds additional 
cancers or indeterminate findings cause patient 
anxiety, leading to patient requests for mastec-

tomy” (American Society of Breast Surgeons 
2018).

On the other side, preoperative breast MRI is 
increasingly applied. Its use is highly variable 
worldwide depending on local policies and sur-
geons’ confidence, primarily. Interestingly, a 
survey of the same American Society of Breast 
Surgeons (Parker et  al. 2013) showed that of 
1012 surgeons who responded (45.5% of a total 
of 2274), 41% declared a routine breast MRI use 
for newly diagnosed patients with higher rates 
among surgeons from high-volume practice, 
high specialization, and private practice and in 
the case of high mammographic density, strong 
family history of breast cancer, and invasive lob-
ular carcinoma. Another survey among surgeons 
in the USA (Lee et  al. 2017a) reporting data 
from 289 surgeons (154 breast surgeons and 135 
general surgeons) showed a propensity for 
requesting preoperative breast MRI in the case 
of (decreasing order) BRCA mutations; familial 
or personal breast cancer history; extremely 
dense breasts; age below 40; axillary nodal 
involvement; mammographically occult tumor; 
multifocal or multicentric disease at conven-
tional imaging; invasive lobular pathology; 
triple- negative BC; T2 or T3 stage; patient can-
didate to mastectomy requesting conserving sur-
gery; and radiologist’s recommendation. In 
addition, breast surgeons referred to MRI more 
than general surgeons for BRCA mutation carri-
ers and tumors smaller than 1 cm, less than gen-
eral surgeons for multifocal/multicentric disease. 
The authors rightly concluded that selection bias 
could affect analyses of observational studies 
regarding preoperative breast MRI (Lee et  al. 
2017a).

In this complex context, the definition of indi-
cations for preoperative breast MRI is not an easy 
task. The authors of this chapter are personally in 
favor of offering breast MRI to all women newly 
diagnosed with a BC, if a well-established rela-
tion does exist between the radiologist and the 
surgeon, possibly in a structured breast unit 
where the surgical planning is a result of the mul-
tidisciplinary panel discussion. If selective crite-
ria have to be adopted for any reason, useful 
suggestions still come from the multidisciplinary 
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EUSOMA recommendations (Sardanelli et  al. 
2010) in favor of MRI in the following four cases:

 1. Patients newly diagnosed with an invasive 
lobular cancer

 2. Patients at high BC risk newly diagnosed with 
a BC with mammography/US

 3. Patients under 60 years of age with discrep-
ancy in size >1  cm between mammography 
and US with expected impact on treatment 
decision

 4. Patients eligible for partial breast irradiation 
on the basis of clinical breast examination and 
mammography/US

As a matter of fact, if we consider carefully 
the discussion of the meta-analysis on surgical 
outcomes from preoperative MRI by N. Houssami 
and coworkers (2013), all the first three EUSOMA 
indications are at least partially confirmed by 
those authors. The fourth (eligibility for partial 
breast irradiation) can be considered a special 
case, due to the not generalized use of this 
reduced radiation therapy approach.

The first indication (invasive lobular histol-
ogy), even if only a weak evidence was found at 
meta-analyses, has been confirmed by a retro-
spective study (Mann et al. 2010) at two tertiary 
centers in the Netherlands on a consecutive series 
of 257 patients with invasive lobular cancer, 
showing a significant reduction in reoperation 
rate in the MRI group (9%) versus the non-MRI 
group (27%) and a decrease in mastectomy rate 
(48% versus 59%, respectively). A second retro-
spective study at two district general hospitals in 
the UK (Derias et  al. 2016) was performed on 
126 patients with invasive lobular histology, and 
46 patients had MRI. MRI showed multicentric 
unilateral disease occult on US/mammogram in 
17 patients who underwent mastectomy, with 
confirmed multifocal disease in 16 of them. MRI 
showed a contralateral lesion in 9 patients, 4 of 
which were malignant and had bilateral surgery. 
MRI also downgraded 3 patients to unifocal dis-
ease with reported multifocal appearances on 
mammography/US, and these patients underwent 
conserving surgery. More recently, another retro-
spective study from the Netherlands (Lobbes 

et al. 2017) reported on 36,050 patients, 10,740 
of them with MRI (30%). Patients with invasive 
ductal cancer with MRI were significantly more 
likely to undergo primary mastectomy than those 
without MRI (OR 1.30). Patients with invasive 
lobular cancer with MRI were significantly less 
likely to undergo primary mastectomy than those 
without MRI (OR 0.86). A significantly lower 
risk of positive surgical margins after conserving 
surgery was only seen in patients with lobular 
cancer with MRI as compared to those without 
MRI (OR 0.59) and, consequently, a lower risk of 
secondary mastectomy (OR 0.61). Patients with 
MRI were almost four times more likely to be 
diagnosed with contralateral cancer (OR 3.55). A 
third retrospective study (Ha et al. 2018) reported 
on 603 patients with invasive lobular cancer, 369 
of them (61%) with MRI.  At propensity score- 
matched analysis, MRI was associated with sig-
nificantly lower odds of repeat surgery (OR 0.14) 
and similar likelihood of initial mastectomy (OR 
0.87) and final mastectomy (OR 0.74).

The second indication (high-risk patient) is 
overcome by the general acceptance of MRI as a 
screening tool for high-risk women (see above). 
The third indication has been confirmed by a ret-
rospective study, showing a higher probability of 
additional cancers with mammography/US size 
discrepancy >1  cm, without age limitations 
(Bernardi et  al. 2012; Sardanelli 2013). The 
fourth indication has been confirmed by a meta- 
analysis (Di Leo et  al. 2015) showing, on the 
basis of 3136 patients from 6 studies, that MRI 
prompted ineligibility for PBI in 6–25% of 
patients who were initially deemed eligible or in 
2–20% if calculated on the overall number of 
patients initially screened. The pooled percent-
age of patients eligible at mammography/US but 
ineligible after MR imaging was 11%, suggesting 
that MRI should be used to select patients for 
partial breast irradiation.

An indirect support to this indication comes 
from a very recent study (Wang et  al. 2018), 
based on the Surveillance, Epidemiology and 
End Results-Medicare dataset of women aged 
67–94 diagnosed during 2004–2010 with stage I/
II BC who received conserving surgery (24,379 
patients, 19% of them receiving preoperative 
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MRI). While adjusted rates of subsequent mas-
tectomy and BC mortality were not significantly 
different in the MRI group versus the no-MRI 
group overall, for those patients who received 
conserving surgery alone (i.e., without radiation 
therapy), in the MRI group the risks of subse-
quent mastectomy and BC mortality were signifi-
cantly lower (adjusted hazard ratio 0.60 and 0.57, 
respectively). This means that, if radiation ther-
apy is not given, MRI strongly improves the 
patient outcome. The logic consequence of these 
results is that we are not able to see an effect of 
MRI on patient outcome if we continue to give 
whole-breast radiation therapy to all women 
treated with conserving surgery, which implies 
overtreatment in part of them. One first exit way 
from this situation is to use MRI in all new BC 
cases for selecting those patients who can 
undergo partial breast irradiation and, potentially, 
those patients who could avoid radiation therapy 
at all. Studies are needed for exploring this 
perspective.

Other potential indications may be nonfatty 
breasts, i.e., ACR density categories b, c, and d 
(Seely et al. 2016), especially if multifocal/multi-
centric/bilateral disease is suspected at clinical 
examination and/or conventional imaging, 
Paget’s disease (Morrogh et  al. 2008), skin- or 
nipple-sparing mastectomy (Bahl et  al. 2016; 
Chan et al. 2017; Malya et al. 2018; Mariscotti 
et  al. 2018), and positive margins after breast- 
conserving surgery (Krammer et  al. 2017). The 
list of all these indications is reported in Table 3.

In this scenario, one interesting way for deeper 
insights is the comparison between concurrent 
cohorts of women newly diagnosed with BC who 
have or do not have preoperative MRI.

This approach has been proposed retrospec-
tively by J.S. Sung and coworkers (2014). They 
compared the cases of 174 women with stage 0, I, 
or II BC who underwent preoperative MRI 
between 2000 and 2004 with a control group of 
174 patients who did not undergo preoperative 
MRI before breast-conserving therapy, matched 
by age, histopathologic finding, stage, and sur-
geon. Patients with MRI were significantly more 
likely to have extremely dense breasts (28% ver-
sus 6%) and mammographically occult cancers 

(24% versus 9%). The two groups had identical 
rates of final negative margins, lymph node 
involvement, lympho-vascular invasion, exten-
sive intraductal component status, positive hor-
mone receptor results, and systemic adjuvant 
therapy. While the re-intervention rate for posi-
tive margins was significantly lower in the MRI 
group (29% versus 45%), no significant differ-
ence in  locoregional recurrences or disease-free 
survival was observed after a median follow-up 
of 8 years. This means that MRI may be able to 
reduce the re-intervention rate but would not 
impact long-term patient outcome.

An international group of radiologists devel-
oped the idea of a large prospective observational 
multicenter study to be performed at highly qual-
ified high-volume institutions aimed at verifying 
the impact of preoperative breast MRI: 
Preoperative Breast MRI in Clinical Practice: 
Multicenter International Prospective Analysis 
(MIPA) of Individual Woman Data (Sardanelli 
et al. 2020). The MIPA study results (Sardanelli 
et al. 2022) were recently reported. Of 5896 ana-
lyzed patients, 2763 (46.9%) had conventional 
imaging only (noMRI group), and 3133 (53.1%) 
underwent MRI that was performed for diagno-
sis, screening, or unknown purposes in 692/3133 
women (22.1%), with preoperative intent in 

Table 3 Indications to preoperative breast MRI when it 
is not offered to all patients with newly diagnosed breast 
cancer

EUSOMA indicationsa

   1. Patients newly diagnosed with an invasive lobular 
cancer

   2. Patients at high BC risk newly diagnosed with a 
BC with mammography/US

   3. Patients under 60 with discrepancy in size >1 cm 
between mammography and US

   4. Patients eligible for partial breast irradiation on 
the basis of clinical examination and 
mammography/US

Additional indicationsb

   5. Nonfatty breasts
   6. Paget’s disease
   7. Skin- or nipple-sparing mastectomy
   8. Positive margins after conserving surgery

aSardanelli et al. (2010)
bSakakibara et al. (2008), Gonzalez et al. (2014), Turnbull 
et al. (2010), Peters et al. (2011), Clauser et al. (2015)
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2441/3133 women (77.9%, MRI group). Patients 
in the MRI group were significantly younger, had 
denser breasts, more cancers ≥ 20 mm, and a 
higher rate of invasive lobular histology than 
patients of the noMRI group. Mastectomy based 
on conventional imaging was planned signifi-
cantly more frequently in the MRI group (22.4%) 
than in the noMRI group (14.4%). The additional 
planned mastectomy rate in the MRI group was 
11.3%. The overall performed first- plus second-
line mastectomy rate was significantly higher for 
the MRI group (36.3%) than for the noMRI group 
(8.0%). In women receiving conserving surgery, 
MRI group had a significantly lower reoperation 
rate (8.5% versus 11.7%). The authors concluded 
that preoperative breast MRI was requested for 
women with a higher a priori probability of 
receiving mastectomy and that MRI was associ-
ated with 11.3% additional mastectomies, par-
tially counteracted by 3.2% fewer reoperations in 
the breast conservation subgroup.

Importantly, we highlight here that some-
thing is changing in the consideration of the 
type of studies needed for building the evidence 
for the best choices in clinical practice. Since 
the late 1940s, RCTs have become the standard 
in clinical research on drugs and therapies. In 
the last years, experts and regulatory bodies 
have acknowledged important limitations of 
RCTs, including high costs, extensive resource 
requirements, long timelines, and lack of gener-
alizability of the results obtained in the trial 
population to larger populations faced in clini-
cal practice. As recently pointed out in the 
JAMA by J.  Corrigan- Curay and coworkers 
from the Drug Evaluation and Research, Food 
and Drug Administration (Corrigan-Curay et al. 
2018), the real-world data from observational 
studies and the real-world evidence coming 
from them are currently re- evaluated. They 
state: The increasing accessibility of digital 
health data, spurred in large part by the transi-
tion to electronic health records, together with 
rising costs and recognized limitations of tradi-
tional trials, has renewed interest in the use of 
real-world data to enhance the efficiency of 
research and bridge the evidentiary gap between 
clinical research and practice. The MIPA study 

is an attempt to explore this way for preopera-
tive MRI.

Notwithstanding the abovementioned intrinsic 
limitations for studies (RCTs or observational 
cohort studies) aimed at assessing the potential of 
preoperative breast MRI for a reduction of the 
recurrence rate after conserving surgery, some 
researchers had interesting results on long-term 
follow-up after conserving surgery and radiation 
therapy. M.K.  Gervais and coworkers (2017) 
reported on a cohort of 470 women treated from 
1999 and 2005. Of them, 27% underwent MRI 
and 73% did not. After a median follow-up of 
97 months, 10-year in-breast recurrence rate was 
3.6% overall, lower but not significantly for the 
MRI group (1.6%) than for the no-MRI group 
(4.2%). However, patients with triple-negative 
and HER2-positive cancers had a significantly 
higher in-breast recurrence rate (9.8%) than all 
others (1.7%) and in the no-MRI group in-breast 
recurrence rate reached 11.8%, significantly 
higher than in the remainder (1.8%). The authors 
concluded that the triple-negative/HER2-positive 
population showed an increased in-breast recur-
rence rate, more marked in the no-MRI group, 
and acknowledged that the small population size 
could have prevented from reaching the statisti-
cal significance for the association between per-
forming preoperative MRI and reducing the 
in-breast recurrence rate in the triple-negative/
HER2-positive subgroup, even when the differ-
ence was high: only 3.3% in the MRI group and 
11.8% in the no-MRI group (Gervais et al. 2017). 
The ongoing Alliance A011104/ACRIN 6694 
study (NCT01805076) will provide data on the 
role of preoperative MRI in recurrence outcomes 
in triple-negative and HER2-positive patients.

On the other hand, Tracy Onega and cowork-
ers (2018) followed a cohort of 4454 women with 
nonmetastatic stage I–III BC diagnosed from 
February 2005 through June 2010  in five 
 registries of the United States Breast Cancer 
Surveillance Consortium. Of these women, 917 
(21%) had preoperative MRI. The authors did not 
find significant difference in the cumulative prob-
ability of specific mortality. The hazard ratio of 
all-cause mortality during the follow-up after 
adjusting for sociodemographic and clinical fac-
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tors for the MRI group was not significantly dif-
ferent from that of the no-MRI group (hazard 
ratio 0.90). However, these authors did not per-
form a subgroup analysis taking into consider-
ation estrogen/progesterone receptor and HER2 
status of the tumors.

Anyway, we are convinced that preoperative 
breast MRI will remain a conundrum for many 
years. In this context, practical recommendations 
for preoperative MRI should include:

 1. Clear patient information, possibly using a 
dedicated informed consent form

 2. High-quality MRI examination technique
 3. Mandatory verification of MRI additional 

findings with potential impact on surgical 
treatment using second-look (targeted) US, 
second-look mammography/digital breast 
tomosynthesis, or MRI guidance

 4. Biopsy/localization of suspicious findings 
with impact on surgical treatment under US, 
mammography/digital breast tomosynthesis, 
or MRI guidance

 5. Treatment delay due to MRI no longer than 1 
month

 6. Decision on changes of treatment planning by 
a multidisciplinary team

 7. Attention paid to methods for transferring 
MRI 3D information on disease extent from 
radiology to the operating theatre

High-quality research is still warranted and 
specific multidisciplinary guidelines for treating 
breast cancer when preoperative MRI is per-
formed are welcome.

7.3  Occult Primary Breast Cancer

Occult primary breast cancer presents as a meta-
static disease consistent with breast cancer in the 
absence of any clinical and primary breast tumor 
identifiable with mammography and US.  This 
rare condition mainly refers to axillary adenopa-
thy (pT0N+) and occurs in less than 1% of breast 
cancer cases (Macedo et  al. 2016; McCartan 
et al. 2017; Fayanju et al. 2013). Breast MRI has 
become the standard of care for this condition, 
reporting suspicious findings in 43–86% of cases 
and a cancer yield higher than 70% (Macedo 
et al. 2016; He et al. 2012) (Fig. 12). Depending 
on the whole-body staging of the disease, the 
identification of the primary tumor can be cru-
cial, allowing for breast preservation.

a
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Fig. 12 Search for primary BC occult at conventional 
imaging. Forty-nine-year-old woman with palpable 
lymphadenopathy in the right axilla, confirmed at US (a). 
Right mammography (b, c) shows an enlarged dense axil-
lary lymph node (arrow in the mediolateral oblique view, 
c). Both mammography and first-look US did not find the 
primary lesion. Breast MRI (1.5T magnet, 0.1 mmol/kg of 
gadobenate dimeglumine): the axial MIP of the right 

breast (d) shows two mass-enhancing lesions at upper 
outer quadrant of the right breast (arrows in d), associated 
with non-mass enhancement as well as the axillary lymph-
adenopathy (asterisk in d). Second-look targeted US (e) 
detected only one of the two mass lesions allowing for 
US-guided percutaneous biopsy. Mastectomy proved 
multifocal invasive ductal carcinoma, associated with 
DCIS
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The widespread adoption of breast MRI for 
the management of occult primary breast can-
cers suggested limiting this definition to those 
cases presenting with nodal or distant metasta-
ses without clinical, mammographic, US, and 
MRI evidence of breast disease, accounting for 
less than 0.3% of cases (McCartan et al. 2017; 
Fayanju et al. 2013). When also MRI does not 
detect the cancer, a therapeutic dilemma exists 
between the historically applied modified radi-
cal mastectomy and the recent less invasive 
approaches including axillary lymph node dis-
section with or without whole-breast radiation 
therapy. In fact, in patients with a negative clin-
ical and comprehensive radiographic workup, 
ipsilateral mastectomy specimens are positive 
for cancer in only 20–33% of cases (Barton 
et  al. 2011). A meta-analysis (Macedo et  al. 
2016) showed no difference in survival out-
comes between mastectomy with axillary 
lymph node dissection versus combined axil-
lary lymph node dissection and whole-breast 
radiation therapy in patients with occult pri-
mary carcinoma. Moreover, radiotherapy turned 
out to improve locoregional recurrence and 
possibly mortality rates in patients undergoing 
axillary lymph node dissection. Authors con-
cluded that combined nodal dissection and 
adjuvant radiation therapy should be consid-
ered as the primary modality of treatment in 
this relatively rare condition.

8  Equivocal/Inconclusive 
Findings at Conventional 
Imaging Including Suspicion 
of Breast Cancer Recurrence

The well-cut established definition for equivocal/
inconclusive finding is not available. In clinical 
practice it refers to the inability to reach a conclu-
sive diagnosis when conventional imaging and 
breast examination findings, alone or in combina-
tion, are not suggestive to define the presence or 
absence of breast cancer. However, this can imply 
a wide spectrum of BI-RADS assessment catego-
ries (D’Orsi et al. 2013), including BI-RADS 0, 
3, and 4. What we will describe in the following 

paragraphs also applies to suspicion of cancer 
recurrence.

A meta-analysis concluded for an excellent 
diagnostic performance of MRI in the case of 
noncalcified equivocal breast findings detected 
with conventional imaging (Bennani-Baiti et al. 
2016). Based on 14 studies totaling 2316 lesions, 
pooled sensitivity was 99% (95% CI, 93–100%), 
NPV 100% (95% CI, 99–100%), specificity 89% 
(95% CI, 85–92%), and PPV 56% (95% CI, 
42–70%).1 Authors asserted breast MRI to be 
able to rule out malignancy in most cases but 
admitted that “considering the substantial hetero-
geneity with regard to prevalence of malignancy, 
problem-solving criteria need to be better 
defined.” In our opinion, this means that the gen-
eralizability of this performance is limited.

The same group of authors also recently eval-
uated the role of MRI for characterizing calcified 
findings. They firstly assessed mammographic 
calcifications categorized as BI-RADS 3, 4, or 5 
(Bennani-Baiti and Baltzer 2017) and then 
focused on BI-RADS 4 microcalcifications 
(Bennani-Baiti et  al. 2017). The first paper 
(Bennani-Baiti and Baltzer 2017) was a meta- 
analysis including 20 studies totaling 1843 find-
ings. For all lesions, pooled sensitivity was 87% 
and specificity 81%; for invasive lesions, 95% 
and 61%; for BI-RADS 3 lesions, 57% and 32%; 
for BI-RADS 4 lesions 92% and 82%; and for 
BI-RADS 5 lesions, 95% and 66%, respectively. 
They concluded that MRI is not recommended 
for BI-RADS 3 and 5 microcalcifications, but can 
be considered for BI-RADS 4 microcalcifica-
tions. Importantly, they suggest the use of dichot-
omous criterion (i.e., presence or absence of 
enhancement) as the diagnostic criterion to rule 
out malignancy on MRI in this setting. The sec-
ond paper (Bennani-Baiti et al. 2017) reported on 
a single-center retrospective study that used the 
abovementioned dichotomous diagnostic 
 criterion, i.e., the author rightly lowered maxi-
mally the sensitivity of the CE technique, not 
using standard morphologic and dynamic 
BI-RADS criteria. The cases were 107 malignant 

1 We reported here the 95% confidence intervals due to 
their relevance for this topic.
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and 141 benign microcalcifications, with malig-
nancy rates of 18.3% for BI-RADS 4a, 42% for 
BI-RADS 4b, and 95% for BI-RADS 4c findings. 
Sensitivity was 96% (95% CI, 91–99%), specific-
ity 82% (95% CI, 75–88%), PPV 81% (95% CI, 
73–87%), and NPV 97% (95% CI, 92–99%).2 
The 4 false negatives were 1 invasive cancer and 
3 DCIS (2 BI-RADS 4c, 1 BI-RADS 4b on mam-
mography). The authors concluded that MRI may 
be helpful to avoid unnecessary biopsies in 
BI-RADS 4a and 4b lesions. BI-RADS 4c micro-
calcifications should be biopsied irrespective of 
MRI findings.

Here the crucial question is: Is there any real 
advantage in performing a MRI study for an 
equivocal finding at mammography and/or US, 
when a needle biopsy can solve the problem with 
minimally invasive procedure (and also relatively 
cheap, if performed under US guidance)? To do 
this, we should reach at least an NPV over 98% 
(i.e., to stay under the 2% of probability of malig-
nancy, thus being enabled to reclassify a lesion as 
a BI-RADS 3 finding). Considering that predic-
tive values strongly depend on malignancy preva-
lence (Sardanelli and Di Leo 2009a), which is 
highly variable (see above the heterogeneity 
reported in the meta-analysis on MRI for noncal-
cified equivocal findings (Bennani-Baiti et  al. 
2017)), only a sure sensitivity of 100% (impos-
sible, due to the biological variability of BCs, 
especially of DCIS) could guarantee this result. 
There is still a non-negligible probability to miss 
a cancer using MRI when the pretest probability 
is high as it is for suspicious/equivocal findings at 
conventional imaging. In fact, to make a simple 
numerical example, hypothesize to have an MRI 
sensitivity of 98% (using the dichotomous diag-
nostic criterion, etc.) and a malignancy preva-
lence of 70%, then your NPV will be “only” 
97%. After a negative MRI (no enhancement), 
you should perform biopsy (Fig. 13).

A special comment has to be deserved to the 
use of DWI for the characterization of breast 
findings.

Several meta-analyses were published on this 
topic. We consider here two of them. R.Y. Shi and 
coworkers (2018) reported on 4778 patients and 
5205 breast lesions from 61 studies: pooled sen-

sitivity of DWI was 90%, specificity 86%, and 
AUC 0.94. Interestingly, for the 44 1.5T studies, 
sensitivity was 91% and specificity 86%, and for 
the 17 3.0T studies, 88% and 84%, respectively, 
without significant difference, confirming that 
state-of-the-art breast MRI can be performed on 
standard 1.5T magnets. L. Zhang and coworkers 
(2016) reported on 1140 patients with 1276 
lesions from 14 studies: sensitivity and specific-
ity were 93% and 71% for CE-MRI, 86% and 
76% for DWI, and 92% and 86% for DCE- MRI 
combined with DWI.

An interesting report (Ding et  al. 2016) on 
1097 cases (928 invasive ductal 169 DCIS) from 
nine studies showed that ADC value in IDC is 
significantly lower than DCIS; however, stratify-
ing by ethnicity, this difference was confirmed in 
Asian population, not in Caucasians. These 
results indirectly show an intrinsic difficulty for 
differentiating DCIS from benign lesions. In 
addition, ethnicity as a hidden and forgotten vari-
able for quantitative MRI comes to the stage 
making the entire picture more complex and 
deserving further research.

One important point is what cutoff should be 
adopted for differentiating malignant from 
benign lesion based on ADC values and the role 
of b-value in determining the diagnostic perfor-
mance. One relevant contribution on this topic 
has been given by M.D. Dorrius et al. (Dorrius 
et al. 2014) who proposed a meta- analysis includ-
ing 26 studies for a total of 2111 patients and 
2151 lesions (60% of them malignant and 40% 
benign). In the group of b-values ≤600  s/mm2, 
the mean ADC threshold was 1.50 × 10−3 mm2/s 
(range 1.29–1.81) with 91% sensitivity, 75% 
specificity, and 0.92 AUC. In the group of b-val-
ues >600  s/mm2, the mean cutoff was 
1.23 × 10−3 mm2/s (range 0.90–1.60) with 89% 
sensitivity, 84% specificity, and 0.93 AUC.  Of 
note, the median ADC was significantly higher 
than for the latter group for both benign (+13%) 
and malignant (+35%) lesions. The highest dif-
ferentiation of benign versus malignant lesions 
was obtained with a combination of b-value = 0 
and 1000 s/mm2. However, overall nonsignificant 
differences in sensitivity and specificity were 
observed between the two groups.
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Fig. 13 Breast MRI, false negative. Fifty-year-old 
asymptomatic woman with extremely dense breast. 
Bilateral mammography (a) showed a small nodular mass 
associated with distortion in the right upper quadrants, 
only in the mediolateral oblique view (arrow in a and in 
the electronic magnification, b). Handheld US did not find 
any correlate of the mammographic finding in the right 
breast but identified a 7 mm inhomogeneous solid nodule 
in the central region of left breast (calipers in c), which 
was biopsied under US guidance and turned out to be an 
invasive ductal carcinoma. Contrast-enhanced MRI was 
performed (3T magnet, 0.1  mmol/kg of gadobenate 
dimeglumine). Axial MIP reconstruction of the first post- 

contrast sequence (d) showed no findings in the right 
breast, identified an enhancing lesion with one spiculation 
in the left breast, corresponding to the US finding (arrow 
in d), and revealed a second enhancing lesion (c, arrow-
head in d), which was diagnosed as invasive ductal carci-
noma by MRI-guided vacuum-assisted biopsy. 
Skin-sparing bilateral mastectomy was performed, and 
histopathology revealed a multicentric invasive ductal car-
cinoma in the left breast and an 8-mm invasive ductal car-
cinoma in the right breast, false negative at MRI. (Courtesy 
of Dr. Massimo Calabrese, Breast Radiology, Ospedale 
Policlinico San Martino, Genoa, Italy)
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At any rate, the sensitivity of DWI can be con-
sidered to be at the best around 90%, insufficient 
for the goal of avoiding biopsy. We note here that 
sensitivity is the most relevant metrics to be taken 
into consideration when the disease prevalence is 
high, as is in any case of suspicious lesion already 
identified on mammography/US or CE-MRI 
(Sardanelli and Di Leo 2009a). Of note, also the 
so-called relative ADC (calculated as a ratio of 
the lesion ADC to the ADC of the surrounding 
healthy gland parenchyma), supposed to be unaf-
fected by the menstrual cycle, failed to be shown 
to have any superior performance than the stan-
dard ADC. E. Yılmaz and coworkers (2018) stud-
ied 81 patients with 88 lesions (37% malignant, 
63% benign). Using standard ADC (cutoff 
1.04  ×  10−3  mm2/s), sensitivity was 88% and 
specificity 87%, and using relative ADC (cutoff 
0.639  ×  10−3  mm2/s), 82% and 83%, 
respectively.

Overall, considering CE-MRI, DWI, or also 
their combination, MRI should not be used to 
characterize suspicious/equivocal findings found 
at conventional imaging. Only large specifically 
designed studies, prospectively applying pre-
defined diagnostic criteria, will be able to define 
a clinical role of MRI for this setting as a real 
alternative to biopsy. This concept has also been 
reinforced by the introduction of tomosynthesis- 
guided biopsy which has been shown to reduce 
radiation exposure as well as duration and com-
plexity of the procedure (Schrading et al. 2015).

Therefore, we confirm the recommendation 
from the EUSOMA working group (Sardanelli 
et al. 2010) that in the case of equivocal findings at 
conventional imaging, including the suspicion of 
recurrence, MRI can be considered only when nee-
dle biopsy cannot be performed. Also the 2013 edi-
tion of the ACR BI-RADS atlas (D’Orsi et al. 2013) 
states that breast MRI is not an appropriate follow-
up measure for minimal or equivocal findings.

Practically, we suggest that CE-MRI (integrat-
ing DWI in the protocol) can be performed only 
in special cases such as the following: (1) patient 
refusal of needle biopsy; (2) impossibility to per-
form needle biopsy in particular locations (e.g., 
mammography-only findings very close to the 
chest wall); (3) difficulty to define the site for 

needle biopsy (e.g., numerous suspicious find-
ings); and (4) suspicious findings at clinical 
examination (typically palpable lumps), with 
negative mammography and US. A further indi-
cation for MRI, however, not supported by evi-
dence in the literature, may be the case of 
radio-pathologic discordance, which is typically 
a negative pathological report for a highly suspi-
cious mammography/US finding. In that situa-
tion, after a pathologic review and second 
opinion, MRI could be considered as an alterna-
tive to repeat biopsy.

9  Evaluation of Breast Implant 
Integrity

Breast implant augmentation represents the most 
common cosmetic surgical procedure performed 
in developed countries. The American Society of 
Plastic Surgeons (2018) reported 300,378 breast 
augmentation procedures for the year 2017, with 
an increase of 3% to 2016 and of 41% to 2000. 
Moreover, advancements in surgical conserving 
techniques prompted a widespread use of 
implants for oncoplastic reconstruction.

Breast US is the first-line method for evaluat-
ing implant integrity (Evans et  al. 2018): if an 
implant rupture is suspected at US, the probabil-
ity of a true rupture is high. But it is not so sensi-
tive: it cannot reliably exclude the presence of a 
rupture.

Breast MRI is the most accurate method for 
evaluating implant integrity. The implant evalua-
tion requires dedicated protocols: axial silicone- 
selective sequences (with fat and water 
suppression, where silicone alone appears bright) 
are usually combined with axial and coronal fast 
spin-echo T2-weighted and/or axial STIR 
sequences with water saturation and silicone sup-
pression; sagittal sequences can also be added 
(Fig. 14). For further details on the MRI technical 
protocols, see dedicated articles (Seiler et  al. 
2017; Green et al. 2018).

A meta-analysis published in 2011 (Song et al. 
2011) reported for MRI 87% sensitivity and 89% 
specificity for implant rupture, the same data being 
61% and 76% for US.  Significant heterogeneity 
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Fig. 14 Implant rupture. A 66-year-old woman, who had 
breast augmentation at 51, presented with symptoms of 
implant failure on the left side. Unenhanced MRI was per-
formed at 1.5T. The linguine sign in the left implant (large 
arrows in axial STIR images, a and b) and multiple sili-
conomas external to the implant (the largest of them being 

indicated by arrowheads in b, c, and d), hyperintense in 
both STIR (b) and water-suppressed STIR (d), suggested 
the diagnosis of intra- and extracapsular rupture of the left 
implant. Only radial folds were visible as hyper/hypoin-
tense lines in the right implant on two planes (axial STIR, 
a and b; coronal STIR, c)

was found across studies and the accuracy of MRI 
was much higher in symptomatic than in asymp-
tomatic/screening setting. A study (Maijers et al. 
2014) including 107 women with Poly Implant 
Prothèse implants who underwent explantation 
reported for MRI 93% sensitivity, 93% specificity, 
77% PPV, and 98% NPV, along with an excellent 
interobserver agreement (κ 0.92).

In 2006, at the time of the reintroduction of 
silicone breast implants into the US market, the 
Food and Drug Administration of the USA rec-
ommended MRI screening 3 years after implan-
tation and every 2 years thereafter (U.S. Food and 
Drug Administration 2017). Nevertheless, this 
recommendation is not widely accepted.

Special attention should be paid to the pos-
sibility of a newly described clinicopathologic 
entity, the implant-associated anaplastic large- 
cell lymphoma, whose only sign can be a peri- 
implant effusion for which MRI has been 
shown to have an 82% sensitivity, but where 
PET/CT can be more sensitive for mass detec-
tion (64% versus 50% of MRI) (Adrada et al. 
2014).

Indications for breast MRI in this setting are 
the following (Sardanelli et al. 2010):

 1. Patients with symptoms suggestive for 
implant rupture (pain, asymmetry, change in 
shape, etc.) and inconclusive conventional 
imaging (unenhanced MRI with dedicated 
protocol)

 2. Augmented patients with symptoms of paren-
chymal disease (e.g., breast lump) and incon-
clusive conventional imaging (unenhanced 
MRI with dedicated protocol and contrast- 
enhanced MRI)

For the first indication, the only purpose is 
implant integrity assessment; for the second one, 
the aims are implant integrity assessment and 
search for parenchymal lesions, both in case of 
cosmetic implants and oncologic reconstruction. 
In the case of implant rupture confirmed or newly 
diagnosed with MRI for which surgical removal 
is indicated, CE sequences should be performed 
to exclude malignant lesions that could be surgi-
cally removed during the same intervention.

F. Sardanelli et al.
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10  Pathologic Nipple Discharge

Nipple discharge is one of the most common 
breast symptoms, experienced by at least 80% 
of women during their life. Lactational (milk 
secretion), physiologic (white, green, or yel-
low), and medication-related discharges usu-
ally derive bilaterally from multiple ducts and 
do not require breast imaging. The same applies 
for cases depending on non-breast pathologies 
such as a pituitary prolactinoma. Conversely, 
pathologic nipple discharge presents spontane-
ously from a single duct, commonly unilateral, 
clear, serous, or bloody. Intraductal papilloma 
and ductal ectasia are the most common causes 
but in 4–29% of patients pathological discharge 
is caused by a malignancy (Panzironi et  al. 
2018). After physical examination and nipple 
discharge cytology (strongly limited by a false-
negative rate of over 50%), mammography is 
performed from 40 years of age, but its sensi-
tivity has been reported to range only from 7% 

to 26%, while the sensitivity of US, preferred 
as first-line examination under 40, is highly 
variable (63–100%) (Panzironi et al. 2018; Lee 
et  al. 2017b). Mammography/digital breast 
tomosynthesis can be performed in men regard-
less of age, given the high incidence of breast 
cancer with pathologic nipple discharge 
(Panzironi et  al. 2018; Lee et  al. 2017b). Of 
note, in case of negative clinical examination 
and conventional imaging, the probability of 
malignancy is reported to be higher than 2% 
(Sardanelli et al. 2010; Bahl et al. 2017), thus 
needing further workup.

Unless surgery is preferred as direct therapeu-
tic option, after negative mammography and US, 
in the presence of pathological nipple discharge, 
MRI should be considered as a good alternative 
to both galactography and ductoscopy. A stan-
dard CE protocol should be adopted and partial 
MIP reconstructions of T2-weighted fat- 
suppressed images can be useful to obtain images 
similar to galactography (Fig. 15).
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Fig. 15 Pathologic nipple discharge. A 52-year-old 
woman presented with single-duct bloody nipple dis-
charge at the right breast. Mammography and first-look 
US (not shown) were negative. 1.5T breast MRI showed a 
small enhancing lesion in retroareolar region of the right 
breast: arrow in a (unenhanced T1-weighted image), b 
(first CE image obtained at about 2 min after injection of 
0.1  mmol/kg of gadobenate dimeglumine), and c (sub-

tracted image, i.e., b minus a). In d, second-look US 
shows the intraductal lesion (calipers). Partial MIP recon-
structions from the T2-weighted STIR dataset (e) show 
the filling defect (arrows) in the dilated duct (arrowheads). 
The ROI-based dynamic behavior is shown to be a plateau 
(type 2) curve (f). Pathology of surgical specimen revealed 
an intraductal papilloma with stromal sclerosis
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In fact, galactography is an invasive procedure 
that may cause discomfort and pain, feasible only 
when the duct discharge is demonstrated at the 
time of the study, with a rate of incompleteness or 
failure up to 15% and a low ability to distinguish 
between benign and malignant lesions. 
Ductoscopy provides a direct visualization of 
intraductal lesions, allowing for directed excision 
and facilitating targeted surgery, with a reported 
sensitivity of 94%; unfortunately, it is available 
in only a few centers and most clinicians are 
unfamiliar with its use (Panzironi et al. 2018).

The superiority of MRI compared to galactog-
raphy has been demonstrated by a recent meta- 
analysis (Berger et  al. 2017) including 921 
patients from ten studies. MRI showed a signifi-
cantly higher pooled sensitivity for any abnor-
mality (92%) than galactography (69%); the 
pooled specificity was also significantly higher 
for MRI than for galactography (76% versus 
39%). When considering the diagnostic perfor-
mance for malignancy, MRI showed a 92% sensi-
tivity and a 97% specificity.

11  Borderline (B3) Lesions at 
Mammography/US-Guided 
Needle Biopsy

B3 or borderline lesions encompass a heteroge-
neous spectrum of histological conditions whose 
subsequent management is challenging because 
they are pathologically defined as lesions with 
uncertain potential for malignancy (the term 
high-risk lesions is also used but should be 
avoided for the possible confusion between high- 
risk lesions and high-risk women) (Chapter “High 
Risk Lesions of the Breast: Diagnosis and 
Management”). The uncertainty is given by the 
possibility of an invasive cancer or a DCIS in the 
gland tissue nearby sampled under imaging guid-
ance (Houssami et  al. 2007; Sardanelli and 
Houssami 2008; Rageth et al. 2016). Taking into 
account different classifications, we can include a 
list of pathological entities among B3 lesion cat-
egory: atypical ductal hyperplasia, flat epithelial 
atypia, lobular neoplasia (i.e., lobular carcinoma 
in situ and atypical lobular hyperplasia), papil-

lary lesions, benign phyllodes tumors, radial 
scars, mucocele-like lesions, and columnar cell 
lesions. They currently account for up to 9% of 
the results of needle biopsy under mammogra-
phy/US (Londero et al. 2012) and their rate may 
be increased by the introduction of digital breast 
tomosynthesis. The range of malignancy rates 
associated with B3 lesions is variable, reported to 
be up to 25% (Lee et  al. 2003) or also 33% 
(Houssami et  al. 2007) in older series. Surgical 
excision still represents the standard of care in 
many countries although it is associated with the 
absence of cancer (invasive or DCIS) in more 
than 50% of cases.

The adoption of a more conserving approach 
has been proposed by a consensus conference 
(Rageth et  al. 2016): first-line surgical excision 
for atypical ductal hyperplasia and phyllodes 
tumors; therapeutic excision by large-core 
vacuum- assisted biopsy with follow-up surveil-
lance imaging for 5 years for flat epithelial atypia; 
lobular, papillary lesions; and radial scars. Other 
options are offered by subclassification into 
lesions with and without epithelial atypia, the 
former being associated with a lower rate of 
malignancy at surgical excision (Mayer et  al. 
2017).

Anyway, B3 lesions remain a clinical chal-
lenge for radiologists who should communicate 
the uncertainty of the pathology result of the 
needle sample they performed and for the mul-
tidisciplinary team as a whole. To date, few 
studies have investigated the role of MRI in the 
management of B3 lesions. A.  Linda and 
coworkers (2008b) firstly reported on 76 B3 
lesions: CE-MRI (interpreted using traditional 
morphologic/dynamic diagnostic criteria) 
showed an 89% sensitivity (8/9, with one false-
negative grade 1 DCIS) and a 98% PPV. Pediconi 
and coworkers (2010) reported on 32 B3 
lesions: BI-RADS-interpreted CE-MRI showed 
88% sensitivity (7/8, with one false-negative 
7  mm DCIS) and 96% NPV.  Thereafter, 
Londero and coworkers (2012) evaluated 227 
high-risk lesions at contrast- enhanced MRI 
considering them suspicious for malignancy if 
any contrast enhancement was detectable, with-
out any consideration of size, shape, or dynam-
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ics (the same simple dichotomous criterion 
aimed at maximizing sensitivity, also adopted 
by Bennani-Baiti and coworkers (2017) for 
evaluating BI-RADS 4 microcalcifications). Of 
155 contrast-enhancing lesions, 28 (18%) were 
upgraded to malignancy after surgical excision 
while of 72 non-contrast- enhancing lesions, 
only 2 (3%) were upgraded to malignancy after 
surgical excision, resulting in a 97% NPV, with 
both of the 2 false negatives being grade 1 
DCIS.

Recently K.  Tsuchiya and coworkers (2017) 
reported on 17 patients with ADH (15 from ste-
reotactic biopsy, 2 from US-guided biopsy) who 
underwent 3T CE-MRI.  Nine of 17 cases were 
upgraded to malignancy at final pathology. MRI 
sensitivity, specificity, positive predictive value, 
and negative predictive value resulted to be 
100%, 88%, 90%, and 100%, respectively. At 
multivariate analysis, suspicious enhancement on 
MRI was the most significant predictor of malig-
nancy. The authors concluded that patients with 
ADH without suspicious enhancement on 
CE-MRI might be followed with CE-MRI rather 
than undergoing surgical excision.

Although the evidence is still limited, CE-MRI 
dichotomous reading (enhancement versus no 
enhancement—Fig. 16) has a potential for avoid-
ing surgery in a high proportion of B3 cases (of 
course, enhancing lesions that turn out to be B3 
lesions at MRI-guided needle biopsy must 
undergo surgical excision because of their 
enhancement). Based on the cautious assumption 
of only 6% of B3 lesions among breast needle 
biopsy results, we estimated that using MRI in 
this setting could avoid approximately 10,000 
breast surgical intervention for benign conditions 
in the USA and 15,000 in Europe (Londero et al. 
2012).

This perspective needs to be investigated by 
large, prospective multicenter studies, taking into 
particular consideration the necessity to reduce 
inter-reader variability in the pathologic classifi-
cation of these lesions, specifically for the crucial 
differentiation between atypical ductal dysplasia 
and DCIS, which is one factor contributing to 
overdiagnosis and overtreatment (Colin et  al. 
2014; Elmore et al. 2015; Sardanelli et al. 2018b).

To note, B3 lesions found at MRI-guided 
biopsy are a different set of lesions: they are con-
trast enhancing. A multicenter study (Verheyden 
et al. 2016) reporting on 1509 cases showed that 
for atypical ductal hyperplasia (n = 72) and DCIS 
(n  =  118) at MRI-guided biopsy, the rates of 
underestimation were 26% and 23%, respec-
tively. Another multicenter study (Khoury et al. 
2016) reported on 63 cases of lobular neoplasia 
and a total of 1665 MRI-guided core biopsy, with 
a 24% rate of underestimation.

12  Conclusions

Breast MRI is a well-established clinical tool. As 
is for every substantial medical innovation, a 
learning curve could be observed during the 
years not only for the direct users, i.e., breast 
radiologists, but also for referring physicians, 
especially surgeons. To obtain optimal results, 
breast MRI has to be performed with state-of-
the-art equipment and protocols as well as inter-
preted according to standardized lexicons and 
diagnostic categories (i.e., ACR BI-RADS 
(D’Orsi et al. 2013)).

Indications for breast MRI are a slowly evolv-
ing matter, also because they depend not only on 
the radiologists’ opinions but also on the accep-
tance by referring physicians, in obvious relation 
with the levels of evidence that the method has 
reached in the published literature. An interesting 
debate is still open, especially for preoperative 
MRI.  A survey from 177 EUSOBI members 
(Clauser et  al. 2018) (52% of them from aca-
demic centers) recently showed that preoperative 
staging is the indication mostly practiced (all 
responders agree on this indication, in particular 
in the case of invasive lobular histology). As fre-
quently happens, clinical practice in real life has 
its own track that depends on a lot of factors, 
including social and economic aspects as well as 
accessibility to the technology.

We foresee a bright future for breast MRI, 
even though for several indications illustrated in 
this chapter there are emerging competitors, the 
most important among them being contrast- 
enhanced mammography and automated breast 
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Fig. 16 Borderline (B3) lesions at mammography- 
guided needle biopsy. (a–d) A 48-year-old woman had a 
9  mm cluster of punctate microcalcifications at the left 
breast as shown by an electronically magnified craniocau-
dal mammogram (a). In b, the left mammogram to be 
comparable with MRI (arrow pointing out the cluster). A 
vacuum-assisted biopsy under stereotactic guidance par-
tially removed the cluster, resulting in the pathological 
diagnosis of atypical ductal hyperplasia. MRI (1.5T mag-
net, 0.1 mmol/kg of gadobenate dimeglumine) showed a 
10-mm clumped enhancing lesion on the MIP of the first 
contrast-enhanced sequence (c), close to the hyperinten-
sity of the residual post-biopsy hematoma visible on 
unenhanced T1-weighted image (arrowhead in d). Surgery 
revealed low-grade DCIS. (e–h) A 50-year-old woman 

had a 6 mm cluster of punctate microcalcifications at the 
left breast as shown by an electronically magnified cranio-
caudal mammogram (e). In f, the left mammogram to be 
comparable with MRI (arrow pointing out the cluster). A 
vacuum-assisted biopsy under stereotactic guidance par-
tially removed the cluster resulting in the pathological 
diagnosis of atypical ductal hyperplasia; MRI (1.5T mag-
net, 0.1 mmol/kg of gadobenate dimeglumine) showed no 
enhancing lesions on the MIP of the first contrast-
enhanced sequence (g). For completeness, the unenhanced 
T1-weighted image with the signal void artifact due to the 
localizing titanium clip placed after the biopsy (arrow-
head in h) is shown. Pathology of surgical specimen con-
firmed atypical ductal hyperplasia

US.  In particular, the former has already been 
shown in a multicenter study (Fallenberg et  al. 
2017) to provide information comparable to that 
given by MRI in the preoperative setting. 
Conversely, very preliminary results showed 
(Halshtok Neiman et al. 2016) a low agreement 
between automated breast US and MRI for 
screening BRCA1/2 mutation carriers, suggest-
ing that its performance may be lower than that of 
MRI in this setting.

However, while the competitors are following 
MRI for BC diagnosis and staging, MRI is 
already on a new frontier, providing in vivo bio-
markers for BC prognosis (Leithner et al. 2018). 
This will be the future competition, for which 
MRI is certainly in pole position. The application 
of artificial intelligence, especially of deep learn-
ing algorithms (Pesapane et  al. 2018; Codari 
et al. 2019), to multiparametric breast MRI will 
probably play a crucial role. If breast MRI will be 
demonstrated to substantially contribute to the 
definition of therapy, all the hot discussions on 
preoperative MRI focused on surgical outcomes 
could be overcome.
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Abstract

Abbreviated breast magnetic resonance imag-
ing (MRI) is a novel emerging tool for breast 
cancer screening. This chapter explores the 
commonly used abbreviated breast MRI pro-

tocols, its differences with conventional cur-
rently more widely used diagnostic breast 
MRI, its advantages over the current screen-
ing tools, the desired target screening popula-
tion, its limitations and disadvantages, and its 
future directions. Abbreviated breast MRI is a 
potential game changer for the future of breast 
cancer screening, with comparable test per-
formances as the standard conventional diag-
nostic MRI with high sensitivity for breast 
cancer detection; however, it is not without 
challenges (such as cost, gadolinium contrast 
injection, and accessibility). Its differences 
with the conventional diagnostic MRI, such 
as decreased scanning and radiologist inter-
pretation time, make it much more attractive 
as a screening tool for a larger patient 
population.
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1  Introduction

Breast magnetic resonance imaging (MRI) is cur-
rently the most sensitive imaging tool for breast 
cancer detection (DeMartini and Lehman 2008; 
DeMartini et  al. 2008; Zakhireh et  al. 2008). 
Though mammography is the standard of care for 
breast cancer screening in most countries, MRI 
demonstrates comparatively better sensitivity, 
especially in women with dense breast tissue and 
those at higher risk for breast cancer (Morrow 
et  al. 2011; Melnikow et  al. 2016; Warner et  al. 
2008). In fact, supplemental MRI after a normal 
mammogram reportedly detects an additional 3.5–
26.8 breast cancers per 1000 examinations 
(Melnikow et al. 2016). Although MRI is an attrac-
tive alternative, using it as a routine widespread 
screening tool is limited by higher cost, relatively 
long scan times, and higher false- positive rates.

The role of MRI as a screening tool has sig-
nificantly increased over the past decade. The 
current guidelines from the American Cancer 
Society recommend annual MRI screening for 
high-risk women such as those with BRCA muta-
tions, lifetime breast cancer risk of more than 
20%, certain genetic mutation carriers (i.e., 
Li-Fraumeni and Cowden syndromes), and prior 
chest radiation between the ages of 10 and 
30 years (Saslow et al. 2007). Similar guidelines 
have also been adopted by other organizations 
such as the American College of Radiology, the 
Society of Breast Imaging, and the European 
Society of Breast Imaging (Lee et  al. 2010; 
Mainiero et al. 2016; Mann et al. 2008).

Currently, regular diagnostic breast MRI takes 
approximately 20–40  min of scan time, and the 
routine protocol generates thousands of images for 
interpretation. These limitations can be addressed 
by an abbreviated MRI protocol, more tailored 
towards screening purposes, which is gaining pop-
ularity within the breast imaging community.

2  Abbreviated Breast MRI

2.1  How?

Multiple abbreviated MRI protocols have been 
proposed, and the fundamental backbone 
sequence of these protocols is the dynamic 

contrast- enhanced (DCE) sequence (Chhor and 
Mercado 2017). The DCE sequence is the opti-
mal sequence to provide both morphology and 
contrast uptake characteristics, which are essen-
tial to differentiate between malignant and benign 
lesions (Szabo et  al. 2003; Kinkel et  al. 2000; 
Kuhl et  al. 1999a) (Figs.  1 and 2). In order to 
assess lesion enhancement characteristics, the 
minimally required sequences include an unen-
hanced T1-weighted sequence and a contrast- 
enhanced T1-weighted sequence (obtained 
usually 80–100  s after gadolinium injection) 
without fat saturation (Chhor and Mercado 2017) 
(Fig. 3a, b). Using these fundamental sequences, 
subtraction and maximum-intensity projection 
(MIP) images can then be generated to improve 
diagnostic yield without increasing scan time 
(Fig. 3c, d).

Additional proposed sequences include 
T2-weighted images (such as short tau inversion 
recovery (STIR)) and more delayed DCE images 
(obtained 3  min after gadolinium injection) 
(Moschetta et  al. 2016; Heacock et  al. 2016) 
(Figs.  4 and 5). The rationale to include 
T2-weighted sequences is to acquire additional 
morphological information beyond margins and 
enhancement pattern obtained from DCE 
images. Circumscribed lesions with high T2 sig-
nal intensity are more likely to be a benign 
lesion such as fibroadenoma, and the additional 
T2 sequences could also increase lesion conspi-
cuity (Heacock et  al. 2016; Santamaria et  al. 
2010; Kuhl et  al. 1999b) (Figs.  2 and 6). 
However, this significantly increases the total 
scan time. For example, the abbreviated proto-
cols proposed by Kuhl et al. and Harvey et al. 
(which do not include T2-weighted sequences) 
average 3 min and 4.4 min to acquire, respec-
tively, in contrast with the protocols by Grimm 
et  al. and Moschetta et  al. (which include at 
least one T2-weighted sequence), with average 
11–13 min and 12 min, respectively, to acquire 
(Chhor and Mercado 2017; Moschetta et  al. 
2016; Grimm et  al. 2015; Harvey et  al. 2016; 
Kuhl et  al. 2014). The usage of more delayed 
DCE images rather than the first was hypothe-
sized to maximize assessment of the lesion’s 
internal architecture and morphology character-
istics (Kuhl et al. 1999a). However, Moschetta 
et al. utilized an abbreviated MRI protocol with 
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c d

a b
Fig. 1 Forty-seven- 
year-old female with 
right-breast biopsy- 
proven invasive ductal 
carcinoma. (a) MIP, (b) 
post-contrast T1, and (c) 
subtraction images 
showing right-breast 
irregularly enhancing 
mass. (d) Corresponding 
MLO mammogram does 
not easily show the 
mass, obscured by the 
heterogeneously dense 
breast tissue

T2-weighted sequences and the third DCE 
images, but it did not yield better test perfor-
mance with reported sensitivity of 89% and 
specificity of 91%, comparable to reported sen-

sitivity of 96–100% and specificity of 94.3% by 
other authors using only first post-contrast DCE 
without T2 or more delayed DCE images 
(Moschetta et al. 2016).
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c d

a bFig. 2 Left-breast 
intramammary lymph 
node. (a) MIP 
demonstrating a 
reniform-shaped mass in 
the upper outer quadrant 
adjacent to a coursing 
vessel, consistent with 
an intramammary lymph 
node. (b) STIR sequence 
demonstrating the lesion 
to be very T2 bright, 
more suggestive of a 
benign etiology. (c) T1 
post-contrast and (d) 
subtraction image 
demonstrating the 
intramammary lymph 
node

In addition, an abbreviated protocol with only 
interpretation of the post-contrast MIP images 
has also been proposed (Kuhl et al. 2014; Mango 
et al. 2015). The MIP image is the projection of 
the voxel with the highest signal throughout a 3D 
volume onto a 2D image (Cody 2002) (Fig. 7). It 
gives a good overview of the enhancement of the 
whole breast, yielding an image similar to a 2D 

mammogram but without lesion obscuration by 
the overlapping fibroglandular tissue.

By comparison, the standard full diagnostic 
breast MRI protocol, though variable by institu-
tional practices, routinely includes a water- 
sensitive sequence (T2/STIR), multiple DCE 
sequences at different times following contrast 
bolus injection, multiplanar post-contrast acqui-
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c d

a b
Fig. 3 Forty-seven- 
year-old female with 
right-breast biopsy- 
proven invasive ductal 
carcinoma. (a) 
Pre-contrast T1 image 
where the mass is not 
easily distinguishable 
from fibroglandular 
tissue without contrast. 
(b) Post-contrast DCE 
image easily 
demonstrating the 
enhancing irregularly 
shaped mass, biopsy 
proven to be cancer. (c) 
Subtraction image 
demonstrating increased 
conspicuity of the 
lesion. (d) MIP image 
demonstrating the 
malignant mass

sitions, and a pre-contrast T1 sequence (Chhor 
and Mercado 2017). The abbreviated MRI proto-
col puts emphasis on the DCE sequences, which 
are usually acquired only in one plane to shorten 
scanning time (Moschetta et  al. 2016; Heacock 
et  al. 2016; Grimm et  al. 2015; Harvey et  al. 
2016; Kuhl et al. 2014; Mango et al. 2015). Given 
that abbreviated MRI sequences are the same as 
the ones used in the diagnostic routine protocols, 
the abbreviated protocol could be performed on 

any MRI scanner that is already currently being 
used for breast MRI, without the need for any 
additional software or hardware upgrade.

2.2  Why?

Abbreviated breast MRI addresses many of the 
limitations of breast MRI when used as a screen-
ing rather than a supplementary tool. The main 

Abbreviated Breast MRI: Short and Sweet?



220

c

a b

Fig. 4 Sixty-three-year-old female with left-breast 
biopsy-proven invasive ductal carcinoma and left axillary 
metastasis. (a) MIP and (b) post-contrast T1 images dem-
onstrating left breast cancer (thin arrow) with left axillary 

metastatic adenopathy (thick arrow). (c) STIR image 
showing T2 intermediate signal of the tumor (in contrast 
with the T2 bright signal of the enhancing benign lesions 
in Figs. 2 and 5)

advantage is the reduced scan time. The average 
scan time for full diagnostic protocol ranges from 
20 to 40 min, which can be reduced to 3–15 min 
for the abbreviated protocol (Chhor and Mercado 
2017). Given that MRI may be less well tolerated 
by the patient, reduced time is highly important 
to consider given WHO criteria that screening 
tests be acceptable to the population (World 
Health Organization 2017). Reduced time 
increases the number of patients that could poten-
tially be scanned and increases patient accep-
tance of a regularly occurring test (e.g., decreased 
test time and decreased discomfort). In the USA, 
65% of all women over 40  years old reported 
having had a mammogram in the last 2  years 
(Huzarski et al. 2017). For MRI to be potentially 
offered to such a potential large target popula-

tion, scan times of 3 min could be an acceptable 
alternative to the current usage of screening 
mammography. However, the need for intrave-
nous contrast injection in both the full and abbre-
viated protocols may limit patients’ acceptance 
of the exam.

Not only does the protocol take less time to 
acquire, but abbreviated MRI is also faster to 
interpret. Kuhl et al. reported abbreviated proto-
col average reading time of 28 s, and merely 3 s 
for the MIP-only protocol (Kuhl et al. 2014). The 
MIP-only image is also very similar to reading a 
mammogram and eliminates the need to scroll 
through multiple sets of images which can be 
time consuming (Fig. 8). These findings are cor-
roborated by other similar studies by Harvey 
et  al. and Moschetta et  al., who found reading 
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a b

Fig. 5 Forty-year-old women with right-breast biopsy- 
proven invasive ductal carcinoma and fibroadenoma. (a) 
MIP image showing right-breast anterior cancer (thin 
arrow) and posterior fibroadenoma (thick arrow). (b) First 

post-contrast subtraction T1 image showing heteroge-
neously enhancing irregularly shaped cancer. (c) Third 
post-contrast subtraction T1 image showing tumor 
enhancement washout (3 min post-contrast injection)

times of 360–385 s for the full diagnostic proto-
col reduced to 93–120 s for the abbreviated pro-
tocol (Moschetta et al. 2016; Harvey et al. 2016). 
However, one study by Grimm et al. showed no 
substantial difference in reading times when 
comparing the full to the abbreviated protocol 
(Grimm et  al. 2015). Possible explanations for 
this discrepancy may be that the additional 
sequences in the full diagnostic protocol (non fat- 
saturated T1 and additional post-contrast images) 
are not routinely relied upon and the radiologists 
took longer to look at the abbreviated images 
because of the unfamiliarity and the lack of other 
confirmatory sequences.

It is worth noting however that most of the cur-
rent literature on abbreviated breast MRI involves 
interpretation by experienced fellowship- trained 

breast radiologists, and thus the reported test per-
formance may not be transferable to community-
based general radiologists (Moschetta et al. 2016; 
Heacock et  al. 2016; Kuhl et  al. 1999b; Grimm 
et  al. 2015; Harvey et  al. 2016; Mango et  al. 
2015). In addition, the amount of time saved inter-
preting an abbreviated protocol may not be as sig-
nificant among radiologists less familiar with 
abbreviated MRIs. There may be a learning curve 
for radiologists comparable to that experienced by 
radiologists during the initial institution of wide-
spread digital mammography screening.

Reduced scanner time and radiologist inter-
pretation time could also translate into reduced 
exam costs and overall improved cost- 
effectiveness, an important consideration for 
widespread availability of any screening test.
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Fig. 6 Same patient as in Fig. 5. (a) MIP and (b) T1 post- 
contrast subtraction image demonstrating anterior inva-
sive ductal carcinoma (thin arrow) and posterior 

fibroadenoma (thick arrow). (c) STIR image showing T2 
bright signal of the benign lesion (in contrast to the T2 
intermediate signal of the malignant lesion seen in Fig. 4)

2.3  Who?

Though the current guidelines by multiple orga-
nizations and societies recommend screening 
MRI in only high-risk patients, there remains a 
growing need for better cancer detection in 
patients who are at intermediate risk and those 
with high breast density (Melnikow et al. 2016; 
Huzarski et al. 2017; Berg et al. 2012) (Figs. 7 
and 9). With the recent advent of the “breast den-
sity laws” in the USA, the physician is required 
to notify the patient of “dense breasts” (ACR 
BIRADS category C/D of heterogeneously dense 
or extremely dense breasts), leading to consider-
ation of the need for supplemental screening by 
both physicians and patients (Freer et  al. 2015; 
D’Orsi et al. 2013). Currently, there is no consen-
sus on which supplemental screening modalities 
to utilize in these patients based on breast den-

sity, but abbreviated MRI, could be an attractive 
option. Higher breast density is associated with a 
higher risk of breast cancer, and mammographi-
cally occult cancers can be obscured by high 
breast density and instead be detected on MRI 
(Boyd et  al. 2010; McCormack and dos Santos 
2006; Chen et al. 2017) (Fig. 7). MRI is currently 
the most sensitive tool, and studies have sug-
gested that this higher sensitivity persists even in 
patients with higher breast density (Melnikow 
et al. 2016; Riedl et al. 2015).

2.4  What?

Cancer detection rate and test accuracy are not 
significantly different between the full diag-
nostic and the abbreviated protocols. 
Abbreviated MRI has a reported sensitivity of 

M. Zhang et al.



223

c da

b

Fig. 7 Thirty-seven-year-old female with left retroareo-
lar biopsy-proven invasive ductal carcinoma. (a) MIP and 
(b) T1 post-contrast subtraction images showing enhanc-
ing retroareolar cancer with internal susceptibility artifact 

from the biopsy marker. (c) Left-breast CC and (d) MLO 
views showing that the cancer is occult, hidden by the 
fibroglandular tissue

86–100% and specificity of 52–94% compared 
with full diagnostic MRI sensitivity (in the 
same studies) of 92–100% and 52–94% (Chhor 
and Mercado 2017). Studies on abbreviated 
MRI included both those for screening pur-
poses and those with biopsy-proven carcinoma 
(Chhor and Mercado 2017; Ko and Morris 
2019; Leithner et al. 2019). Mango et al. dem-
onstrated that all 100 out of 100 biopsy-proven 
unicentric breast cancers were detected on 
abbreviated MRI protocol by at least one reader 
(Mango et  al. 2015). Breast MRI is the most 
sensitive tool for breast cancer detection, out-
performing conventional mammography, 
tomosynthesis, and ultrasound, and its higher 
sensitivity and higher breast cancer detection 
rates are conferred to abbreviated protocols. In 
fact, abbreviated MRI protocol had demon-
strated very similar BI-RADS assessments as 
compared to standard full MRI protocol, with 
only differences in BI-RADS reporting in a 
small number (3.4%) of cases (Panigrahi et al. 

2017). Additionally, a recent study by 
Weinstein et al. demonstrated that abbreviated 
breast MRI increased breast cancer detection 
rate by 27.4/1000 patients in women with 
dense breast after negative screening tomosyn-
thesis (Weinstein et al. 2020).

In terms of the most useful sequences, the first 
post-contrast DCE sequence carried a sensitivity 
of 96–100% and specificity of 94%, without sig-
nificant difference when comparing non- 
subtracted to subtracted DCE images (Kuhl et al. 
1999b; Mango et al. 2015). The addition of a sec-
ond post-contrast DCE sequence also did not 
improve the test performance (Grimm et  al. 
2015). When looking at an even more abbrevi-
ated MIP-only image, both the sensitivity and 
specificity slightly dropped, yielding 91–93% 
and 99.7%, respectively (Kuhl et al. 2014; Mango 
et  al. 2015) (Fig.  10). The addition of a 
T2-weighted sequence also did not affect cancer 
detection rate, but increased lesion conspicuity 
(Moschetta et al. 2016; Heacock et al. 2016).
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Fig. 8 Sixty-year-old female with left-breast invasive 
ductal carcinoma (thin arrow) and left axillary metastatic 
adenopathy (thick arrow). (a) MRI MIP is similar to read-
ing (b) the mammographic CC views displayed in a simi-
lar orientation to the MIP image. (c) MLO and CC 
mammographic views of the right and (d) left breast in the 

same patient for comparison demonstrating a high-density 
spiculated mass in the left upper outer quadrant corre-
sponding to the cancer. There is an incidental right-breast 
biopsy marker from a remote benign biopsy (curved 
arrow)

2.5  Limitations

The abbreviated MRI protocol’s negative predic-
tive value (98.0–100%) and positive predictive 
value (24.4–64%) are not significantly different 
from those of the full diagnostic protocol (Kuhl 
et al. 1999b; Mango et al. 2015). However, one of 
the main objections for widespread use of breast 

MRI is its high rate of false-positive results, 
which leads to additional imaging and biopsies 
and remains a problem for abbreviated MRIs 
with low positive predictive value (Morrow et al. 
2011; Kuhl et al. 2014; Mango et al. 2015). By 
omitting additional post-contrast sequences in 
the abbreviated protocol as compared to the mul-
tiple post-contrast sequences on the conventional 
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Fig. 9 Thirty-three-year-old female with first-degree 
family history of breast cancer and biopsy-proven triple- 
negative left-breast cancer. (a) MLO and CC views dem-
onstrate a 12:00 well-circumscribed low-density oval 
mass (benign features), and (b) corresponding US demon-
strates what was initially thought to represent a benign 

complicated cyst. (c) However, T1 post-contrast subtrac-
tion and (d) MIP images demonstrate a slightly irregularly 
shaped enhancing, which does not fit with a complicated 
benign cyst. This mass was then investigated further after 
the MRI and biopsied, yielding triple-negative breast 
cancer

MRI, there may be improvement of the positive 
predictive value, as seen in a study by Weinstein 
et al. (2020). This could be attributed to the fact 
that cancers tend to enhance early (seen in the 
first post-contrast sequence) and some benign 
lesions may be omitted on the abbreviated proto-
col as they enhance progressively and are usually 
seen on later sequences. This however requires 
further investigation and validation. In addition, 
known limitations of the full MRI protocol are 
also seen with abbreviated MRI protocols such as 
the possibility of missing non-enhancing DCIS, 
easily seen on mammogram as calcifications, but 
occult on MRI (Bazzocchi et al. 2006) (Fig. 11). 
However, cancers missed by MRI are usually less 
aggressive (Ko and Morris 2019).

The feasibility of offering an MRI screening 
program to a larger population may also be diffi-
cult to achieve in regions with less available 
resources and less access to MRI. Though abbre-

viated MRI is potentially less costly than a full 
MRI protocol, it is still currently more expensive 
than a routine mammogram. Further cost-benefit 
analysis taking into account lives and years saved 
secondary to increased cancer detection rate of 
MRI as compared to mammogram would be use-
ful to help elucidate the best role for its future 
use. At this time, most of the published prospec-
tive MRI screening trials are performed using 
diagnostic MRI protocols and not abbreviated 
protocols, which may be more suited for screen-
ing purposes, and more research in this area is 
underway (Panigrahi et  al. 2017; Strahle et  al. 
2017).

Furthermore, MRI screening, whether abbre-
viated or full protocol, requires the administra-
tion of gadolinium contrast agent. Gadolinium 
carries the risk of nephrogenic systemic fibrosis 
in those with severe renal dysfunction, though the 
risk is minimal (ACR Committee on Drugs and 
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Fig. 10 Fifty-four-year-old female with bilateral biopsy- 
proven invasive ductal carcinoma, with false-negative 
MIP and detectable only on the diagnostic MRI images. 
(a) The bilateral breast cancers do not stand out on the 
MIP image due to marked background parenchymal 

enhancement. (b) However, the diagnostic T1 post- 
contrast subtraction images demonstrate right (thin arrow) 
and (c) left (thick arrow) subcentimeter irregularly shaped 
masses, subsequently biopsied, yielding bilateral breast 
cancer

Contrast Media 2016). By the same token, 
screening of patients for renal disease and addi-
tional testing for renal function may be an addi-
tional burden and cost to the health-care system. 
The recently discovered association of gadolin-
ium deposition in neuronal tissue after repeated 
exposures, even in the setting of normal renal 
function, may also give reason for concern 
(McDonald et  al. 2015; Stojanov et  al. 2016a). 
However currently, this finding is not associated 
with any reported clinical symptoms or adverse 
health effects though its significance still remains 
unclear (Stojanov et  al. 2016b). Given that the 
abbreviated breast MRI could potentially be per-
formed annually for breast cancer screening, the 
effects of long-term regular gadolinium exposure 
should be an important consideration, especially 
since the target population includes mostly 
healthy individuals.

2.6  Future Directions

New and ultrafast sequences such as time- 
resolved angiography with stochastic trajectory 
(TWIST) sequence used by Mann et al. can allow 

optimal evaluation of the initial uptake kinetic 
curve for differentiating between benign and 
malignant lesions (Mann et al. 2014). This could 
potentially help improve breast MRI positive pre-
dictive value and false-positive rates while at the 
same time reducing scanning time as the delayed 
post-contrast sequences may no longer be needed 
(Mann et al. 2014; Platel et al. 2014).

In addition, breast MRI protocols without 
contrast, using T1 GRE, T2 STIR, and echo- 
planar DWI sequences, have also been investi-
gated, showing cancer detection sensitivity of 
76–78% and specificity of 90% (Trimboli et al. 
2014) (Fig. 12). This could also be a promising 
future direction, given the attractiveness of a non- 
contrast scan, removing the potential gadolinium- 
associated risks.

Multiple studies are underway to better 
define the role of screening MRI. The recently 
published prospective ECOG-ACRIN EA1141 
trial led by Comstock et al. comparing abbrevi-
ated breast MRI with digital tomosynthesis in 
screening women with dense breasts demon-
strated an increased cancer detection rate with 
abbreviated MRI protocol with better sensitivity 
and specificity (U.S.  National Institutes of 
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Fig. 11 Forty-five-year-old female with right-breast 
biopsy-proven DCIS seen as calcifications on mammo-
grams but occult on MRI. (a) MIP and (b) T1 post- contrast 
subtraction images do not show abnormality other than 

moderate background enhancement. (c) However, there 
are fine pleomorphic suspicious calcifications on the CC 
and (d) MLO views, biopsied under stereotactic guidance 
to be intermediate- to high-grade DCIS

Health 2017; Comstock et  al. 2020). Another 
ongoing prospective multicenter trial using 
abbreviated MRI is also underway in Korea to 
evaluate the breast cancer detection rate in high-
risk women with a history of breast cancer who 
underwent BRCA mutation testing (but showing 
uninformative negative result or a variant of 
unknown significance) by comparing abbrevi-
ated MRI or ultrasound in addition to digital 

annual mammogram (US National Library of 
Medicine 2020).

3  Conclusion

Abbreviated MRI has similar test performance as 
the standard breast MRI full protocol, with less 
scanner time and reduced interpretation time. The 
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Fig. 12 Patient with biopsy-proven right inferior breast 
invasive lobular carcinoma. (a) MIP, (b) sagittal T1 post- 
contrast subtraction, (c) and axial T1 post-contrast images 
demonstrate extensive non-mass enhancement in the infe-
rior right breast, corresponding to the site of biopsy- 

proven invasive lobular carcinoma. (d) The corresponding 
DWI image shows increased signal intensity at the site of 
tumor. But also note that the DWI image is prone to 
motion artifacts that are not seen on the other sequences

backbone of the abbreviated protocol includes the 
first post-contrast DCE and MIP sequences. This 
could be an attractive potential screening tool, 
especially in patients with intermediate risk and 
those with dense breasts, and has been described in 
the radiology literature as a “wave of the future for 
breast cancer screening” (Chhor and Mercado 
2017). Current ongoing prospective trials will 
hopefully provide guidance on how best to incor-
porate supplemental screening modalities into rou-
tine clinical practice to best benefit patient care.
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Abstract

Magnetic resonance imaging (MRI) is an 
essential tool in breast imaging with a high 
diagnostic accuracy for breast cancer diagno-
sis and several other established indications. 
The diagnostic value of breast MRI is based 
on its ability to provide not only morphologi-
cal but also functional and metabolic informa-
tion that can be used for both the detection and 
characterization of breast tumors. The com-
bined application of different MRI parameters 
is defined as multiparametric MRI (mpMRI). 
There is conclusive data that mpMRI is supe-
rior to single-parametric MRI of the breast as 
it may simultaneously provide a multitude of 

M. A. Marino 
Department of Biomedical Sciences and Morphologic 
and Functional Imaging, University of Messina, 
Messina, Italy 

D. Avendano 
School of medicine and health science,  
Tecnologico de Monterrey, Monterrey, México 

T. Helbich 
Division of Molecular and Gender Imaging, 
Department of Biomedical Imaging and Image- 
Guided Therapy, Medical University of Vienna, 
Vienna, Austria
e-mail: thomas.helbich@meduniwien.ac.at 

K. Pinker (*) 
Breast Imaging Service, Department of Radiology, 
Memorial Sloan Kettering Cancer Center,  
New York, NY, USA
e-mail: pinkerdk@mskcc.org

© Springer Nature Switzerland AG 2022 
M. Fuchsjäger et al. (eds.), Breast Imaging, Medical Radiology Diagnostic Imaging, 
https://doi.org/10.1007/978-3-030-94918-1_11

mailto:thomas.helbich@meduniwien.ac.at
mailto:pinkerdk@mskcc.org
https://doi.org/10.1007/978-3-030-94918-1_11


232

information, such as neo-angiogenesis, cellu-
larity, tumor microenvironment, metabolite 
concentration, receptor status, tissue pH, and 
oxygenation, that can be used for an improved 
lesion evaluation. mpMRI can be performed at 
1.5T, 3T, and event at 7T field strengths, 
although for research use only, using different 
combinations of MRI parameters. This review 
provides a comprehensive overview on the 
current clinical applications and emerging 
techniques of mpMRI of the breast. We will 
discuss the role of mpMRI for diagnosis, 
prognosis, response assessment, and screen-
ing of high-risk population and provide an 
outlook on the use of radiomics in this 
context.

1  Introduction

Breast cancer is the leading cause of cancer- 
related death among women worldwide, with 
variable incidence and mortality rates (Torre 
et al. 2016). Breast magnetic resonance imaging 
(MRI) is recognized as the most sensitive imag-
ing method for the detection of breast cancer, 
especially those occult at conventional imaging 
(Riedl et al. 2015; Kuhl 2007a; Kuhl et al. 2006). 
Established recommendations for breast MRI are 
the evaluation of breast implants, preoperative 
staging, monitoring of neoadjuvant chemother-
apy, differentiation between scar and recurrence, 
and patients with cancer of unknown primary ori-
gin (Mann et  al. 2015; Sardanelli et  al. 2010). 
Furthermore, its application in the screening set-
ting for women at high (>20%) and intermediate 
lifetime (10–20%) risk has steadily increased in 
the past decade, facilitating earlier cancer detec-
tion and reducing interval cancers in this popula-
tion (Leithner et  al. 2018; Monticciolo et  al. 
2018).

The combination of multiple techniques, such 
as dynamic contrast-enhanced (DCE) MRI and 
T2-weighted and diffusion-weighted imaging 
(DWI) within the same examination, is called 
multiparametric MRI (mpMRI) and has been 
proven to increase the specificity of breast MRI 

(Pinker et al. 2013, 2014a). Advanced functional 
techniques such as proton spectroscopy (MRS), 
sodium imaging (23Na-MRI), phosphorus MRS 
(31P MRS), chemical exchange saturation transfer 
(CEST) imaging, blood oxygen level-dependent 
(BOLD), and hyperpolarized MRI are currently 
being investigated for their clinical value and 
potential integration in multiparametric MRI pro-
tocols. Further, radiogenomics is an emerging 
area of research in breast imaging and is cur-
rently almost exclusively dominated by MRI 
(Grimm 2016).

This chapter provides a comprehensive over-
view of the current clinical applications and 
emerging techniques for mpMRI of the breast. 
We will discuss the role of mpMRI for diagnosis, 
prognosis, response assessment, and screening of 
high-risk population and provide an outlook of 
the use of radiomics in this context.

2  State of the Art of Breast MRI

Nowadays, a state-of-the-art breast MRI protocol 
is a comprehensive combination of different mor-
phologic and functional MRI sequences, which is 
defined as multiparametric MRI (Kuhl et  al. 
2006; Baltzer et  al. 2009, 2012; Marino et  al. 
2018a). In the clinical setting, a typical mpMRI 
protocol includes a three-place localizer 
sequence, a T2-weighted or short TI inversion 
recovery (STIR) sequence, a T1-weighted pre- 
contrast sequence, or three or more T1-weighted 
post-contrast sequences. Sequences are per-
formed with or without fat saturation, while post-
processing usually includes subtraction and 
maximum-intensity projection (MIP) images 
(Leithner et al. 2018).

Each individual MRI sequence contained in a 
mpMRI protocol interrogates different character-
istics of breast tumor as detailed below, and with 
the combined information an improved diagnosis 
and characterization of breast tumors are 
facilitated.

• DCE-MRI is the most sensitive method for the 
detection of breast cancer, with a negative pre-
dictive value of up to 99% and a variable spec-
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ificity, reported between 47% and 97% (Kuhl 
2007a, b, c; Sardanelli et  al. 2010; Helbich 
2000; Pinker et al. 2009). Several studies have 
also demonstrated increased sensitivity and 
specificity in breast imaging at 3T (Pinker 
et  al. 2009; Lourenco et  al. 2014; Pinker- 
Domenig et  al. 2012) and at ultrahigh field 
strength (Gruber et  al. 2014), which can be 
translated into even higher temporal and spa-
tial resolution imaging (van de Bank et  al. 
2013; Korteweg et al. 2011) or functional and 
metabolic imaging (Pinker et  al. 2014a; 
Gruber et al. 2014; Klomp et al. 2011). DCE-
MRI allows the simultaneous assessment of 
both tumor morphology and neo- angiogenesis, 
information that is necessary for the evalua-
tion of breast lesions (Mann et  al. 2015; 
Sardanelli et al. 2010; Spick et al. 2015; For 
the European Society of Breast Imaging 
(EUSOBI) et  al. 2012; Kaiser et  al. 2015a; 
Pinker et  al. 2018a). The dynamic phases 
allow the assessment of different kinetic 
curves of a lesion (Rahbar and Partridge 
2016): a slow, continuous enhancement curve 
(type I) is attributed to a benign lesion; a 
medium or strong enhancement followed by a 
plateau or persistent enhancement (type II) is 
indicative of either a benign or a malignant 
lesion; and a fast initial enhancement and 
washout (type III) are typically seen in malig-
nancies, due to increased vascular permeabil-
ity, density, and interstitial fluid (Helbich 
2000) (Figs. 1 and 2). There is a considerable 
overlap of semiquantitative kinetic curve 
types among benign and malignant lesions 
since the rate of contrast agent uptake and 
washout depends on several factors, such as 
perfusion, capillary permeability, blood vol-
ume, contrast media distribution volume, and 
other aspects of local anatomy and physiology 
(Malich et al. 2005; Kaiser and Zeitler 1989; 
Kaiser 2007; Fischer et  al. 2005; Berg et  al. 
2004; Kuhl et al. 1999). Quantitative evalua-
tion of contrast enhancement kinetics through 
pharmacokinetic modeling enables the quanti-
fication of the contrast agent exchange 
between the intravascular and the interstitial 
space, providing measures of tumor blood 

flow, microvasculature, and capillary permea-
bility. The Tofts two-compartment model 
(Tofts and Kermode 1991; Tofts et al. 1995) is 
the most commonly used approach and mea-
sures the exchange between the breast tissue 
plasma and the plasma space through different 
metrics such as Ktrans and Kep. Ktrans 
(min−1) is the volume transfer constant and 
reflects the rate of transfer of contrast agent 
from the plasma to the tissue. Kep (min−1) is 

a

c

b

Fig. 1 Invasive ductal carcinoma G2 medially in the right 
breast in a 54-year-old woman: (a) DCE-MRI subtracted 
imaging shows an irregular mass with spiculated margins. 
The kinetic curve represented in (b) demonstrates a fast 
wash-in in the early phase with a rapid washout in the 
delayed phase. The malignant morphology and kinetic are 
corroborated by (c) decreased ADC values on DWI 
(0.944 × 10−3 mm2/s). DCE dynamic contrast-enhanced, 
MRI magnetic resonance imaging, DWI diffusion- 
weighted imaging, ADC apparent diffusion coefficient
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Fig. 2 Fibroadenoma in a 20-year-old woman in the ret-
roareolar region of the left breast. (a) DCE-MRI shows 
the round circumscribed mass with (b) an initial moder-
ate/persistent homogeneous contrast enhancement. (c) On 
DWI, the ADC values (1.762 × 10−3 mm2/s) are above the 
threshold for malignancy, thus allowing an accurate clas-
sification as a benign finding. DCE dynamic contrast- 
enhanced, MRI magnetic resonance imaging, DWI 
diffusion-weighted imaging, ADC apparent diffusion 
coefficient

the transfer rate constant and reflects the reflux 
of contrast agent from the extravascular extra-
cellular space to the plasma compartment. 
Different pharmacokinetic studies demon-
strated that Ktrans and Kep have the potential 
to improve the discrimination of benign from 
malignant breast tumors and even between 
breast cancer subtypes. Huang et  al. (2011) 
demonstrated that a potential cutoff could be 
used such that, in lesions with lower Ktrans 
values, biopsy could be obviated and thus 
false-positive MRI examinations could be 
decreased. Li et  al. (2015) studied morpho-
logical and quantitative DCE-MRI for breast 

cancer diagnosis and found that Ktrans and 
Kep values were significantly higher in inva-
sive ductal carcinoma and ductal carcinoma in 
situ (DCIS) than in borderline and benign 
lesions or healthy breast tissue. 
Pharmacokinetic MRI parameters have also 
been proven useful in patients who have 
undergone neoadjuvant chemotherapy for 
response assessment. Data from a recent meta-
analysis from Marinovich et al. indicated that 
Ktrans is an early predictor of response and 
outperforms standard measures such as tumor 
size (Marinovich et  al. 2013). Nevertheless, 
quantitative DCE- MRI with pharmacokinetic 
modeling remains challenging.

• T2-weighted imaging is usually performed as 
part of a standard full protocol because it 
increases the specificity of breast MRI, facili-
tating the recognition of important prognostic 
factors such as peritumoral edema (Uematsu 
2015; Baltzer et al. 2011a; Kaiser et al. 2015b). 
Kaiser et  al. (2017) demonstrated that the 
presence of peritumoral edema as a morpho-
logical sign in the T2-weighted images may 
be a strong prognostic indicator for lymphatic 
spread and cancerous infiltration of lymph 
nodes. It is also associated with the infiltration 
of the pectoral muscle, as well as high tumor 
grading. Furthermore, with the recent contro-
versy about gadolinium-containing contrast 
agents and current recommendations to use 
gadolinium-based contrast agents only when 
essential diagnostic information cannot be 
obtained with unenhanced scans, there is an 
urgent need for non-contrast imaging methods 
for breast lesion detection and characteriza-
tion. In this setting, T2-weighted imaging can 
serve as anatomic guidance for DWI (Baltzer 
et al. 2018).

• DWI sequences with apparent diffusion coef-
ficient (ADC) mapping is an additional imag-
ing biomarker and has shown diagnostic 
potential for an improved breast lesion charac-
terization (Partridge et  al. 2009; Kul et  al. 
2011) (Figs.  1 and 2). DWI provides addi-
tional functional information on tissue micro-
structure and cellularity that can be quantified 
by calculating the ADC values (Baltzer et al. 
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2009), thus providing valuable information 
for lesion characterization. In general, breast 
malignancies show lower ADC values com-
pared with healthy breast tissue due to 
increased cell density in malignant tissue, 
which leads to compression of extracellular 
space and microstructural changes (Baltzer 
et al. 2009, 2010). Numerous studies investi-
gated different ADC thresholds and b-values, 
with conflicting results (Marini et  al. 2007; 
Thomassin-Naggara et  al. 2013; Cho et  al. 
2015a). Bogner et al. (2009) found that a com-
bined b-value protocol of 50 and 850 s/mm2 
yields a diagnostic accuracy of 96%, while in 
a recent meta-analysis including 26 studies, 
Dorrius et al. (2014) recommended the combi-
nation of b = 0 and 1000 s/mm2 for the most 
accurate differentiation of benign and malig-
nant lesions. Cutoff thresholds to rule out 
breast cancer have been proposed to poten-
tially avoid unnecessary biopsy (Bogner et al. 
2009, 2012; Tsushima et al. 2009; Costantini 
et al. 2010; Hatakenaka et al. 2008; Woodhams 
et  al. 2005) and a threshold of 1300 for the 
ADC value is generally accepted now recom-
mended in the consensus and mission state-
ment by the European Society of Breast 
Imaging International DWI working group as 
the cutoff for the differentiation between 
benign (>1.4  ×  10−3  mm2/s) and malignant 
(<1.2  ×  10−3  mm2/s) breast lesions (Baltzer 
et al. 2020). DWI with ADC mapping can also 
be useful as a prognostic indicator. Martinicich 
et al. (2012) found that breast cancers charac-
terized by high cellularity or a higher number 
of mitoses have lower ADC values. These 
results have been confirmed in triple- negative 
breast cancers, which are associated with 
higher ADC values compared with ER+ and 
HER2/neu-enriched tumors (Uematsu et  al. 
2009; Foulkes et al. 2010; Dogan et al. 2010; 
Kawashima 2011). In contrast, mucinous car-
cinoma usually presents ADC values similar 
to benign lesions, most likely due to the pres-
ence of both low cellularity and mucin-rich 
compartments (Woodhams et al. 2011). Bickel 
et al. evaluated the role of ADC with DWI at 
3T for the differentiation of invasive breast 

cancer from DCIS, finding that ADC was a 
valuable tool for the assessment of breast can-
cer invasiveness (Bickel et al. 2015). DWI can 
also be used for monitoring the breast cancer 
response to treatment since ADC values are 
very sensitive to changes in tumor cellularity 
and necrosis. The cytotoxic effect of antican-
cer drugs would translate into an increase in 
ADC values which usually occurs earlier than 
lesion size changes or vascularity (Padhani 
et  al. 2009; Pickles et  al. 2006). Park et  al. 
(2010) studied the potential of DWI for the 
prediction of response to neoadjuvant chemo-
therapy in breast cancer patients. Patients with 
a low pretreatment ADC tended to respond 
better to chemotherapy, and a cutoff of 
1.17 × 10−3 mm2/s could differentiate respond-
ers from nonresponders with a sensitivity of 
94% and a specificity of 71%. Richards et al. 
(2013) found that pretreatment tumor ADC 
values differed between intrinsic subtypes and 
were predictive of pathologic response in tri-
ple-negative tumors. However, an interna-
tional consensus has not been reached for the 
assessment of pre- chemotherapy ADC, and 
more data are warranted (Pickles et al. 2006; 
Woodhams et al. 2010; Sharma et al. 2009a; 
Iacconi et al. 2010) (Fig. 3).

mpMRI is nowadays an integral part of the 
diagnostic workup of breast tumors, as it has 
been shown to facilitate a significant increase in 
diagnostic accuracy and enable improved treat-
ment planning and a reduction in unnecessary 
invasive procedures (Polanec et al. 2016; Loffroy 
et al. 2015; Kim et al. 2014; Gondo et al. 2014; 
Turkbey et al. 2013; Neto and Parente 2013). The 
clinical application of mpMRI enables an increase 
in the specificity of DCE-MRI, with the potential 
of reducing false-positive rates and unnecessary 
MRI-guided biopsies (Baltzer et al. 2010; Spick 
et  al. 2014; Pinker et  al. 2014b). Pinker et  al. 
(2013) developed a reading scheme that adapted 
ADC thresholds to the assigned BI-RADS® clas-
sification. In that study, the sensitivity of the 
BI-RADS®-adapted reading was not significantly 
different from the high sensitivity of DCE-MRI 
(p  =  0.4), whereas the specificity of the 
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Fig. 3 Fibroadenoma and fibrocystic changes in a 
40-year-old woman in the upper outer quadrant area of the 
right breast. (a) Sagittal fat-suppressed DCE-MRI shows 
the lesion within the MRS voxel of 1.1 cm3 (white box). 
(b) PRESS spectrum (TR/TE = 2000/135 ms) shows no 
detectable Cho peak at 3.2 ppm. Multifocal invasive duc-
tal carcinoma in a 56-year-old woman in the 9:00 and 

12:00 axis of the right breast. (c) Sagittal fat-suppressed 
DCE-MRI shows the lesion within the MRS voxel of 
9.4  cm3 (white box). (d) PRESS spectrum (TR/
TE = 2000/135 ms) shows a Cho peak at 3.2 ppm. DCE 
dynamic contrast-enhanced, MRI magnetic resonance 
imaging, MRS magnetic resonance spectroscopy, Cho 
choline, Lac lactate, Lip lipid

BI-RADS®-adapted reading was maximized to 
89.4%, which was significantly higher compared 
with that of DCE-MRI (p < 0.001). The authors 
concluded that the BI-RADS®-adapted reading, 
which combined both DCE-MRI and DWI, 
improves diagnostic accuracy and is fast and easy 
to use in routine clinical practice. In a different 
approach, Baltzer et  al. (2015) investigated the 

improvements in the specificity of breast MRI by 
integrating ADC values with DCE-MRI using a 
simple sum score. The additional integration of 
ADC scores achieved an improved specificity 
(92.4%) compared with DCE-MRI-only reading 
(specificity of 81.8%), with no false-negative 
results. Recently, the concept of multiparametric 
imaging has been extended to ultrahigh-field 
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MRI. mpMRI, combining high-resolution DCE- 
MRI and DWI at 7T, yielded a sensitivity and 
specificity of 100% and 88.2%, respectively, with 
an AUC of 0.941, which was significantly greater 
than that of DCE-MRI (p = 0.003) which had a 
sensitivity and specificity of 100% and 53.2%, 
respectively, with an AUC of 0.765, and greater 
than DWI, which had a sensitivity and specificity 
of 93.1% and 88.2%, respectively, with an AUC 
of 0.907 (Pinker et  al. 2015). In that study, 
mpMRI of the breast at 7T accurately detected all 
cancers, reduced false positives from eight with 
DCE-MRI to two, and thus could have obviated 
unnecessary breast biopsies (p = 0.031).

3  Advanced Techniques

mpMRI allows the noninvasive visualization of dif-
ferent aspects of tumor biology and thus provides a 
deeper understanding of the hallmarks of cancer, 
which comprise sustaining proliferative signaling, 
evading growth suppressors, resisting cell death, 
enabling replicative immortality, inducing angio-
genesis, and activating invasion and metastasis, on 
multiple levels (Hanahan and Weinberg 2000, 
2011). New MRI parameters, such as advanced 
DWI approaches, proton MR spectroscopy, 23Na 
MRI, 31P MRS, 1H-lipid MRS, CEST, BOLD, and 
hyperpolarized MRI, have been developed to fur-
ther improve diagnosis, prognosis, and prediction 
of treatment response of breast tumors.

3.1  Advanced DWI Approaches

• Intravoxel incoherent motion (IVIM): DWI is 
also sensitive to perfusion because the flow of 
blood in randomly oriented capillaries mimics 
a diffusion process through the IVIM effect 
(Le Bihan et  al. 1988). Several studies have 
investigated IVIM in breast tumors, and pre-
liminary data suggests that it can provide valu-
able information about both tissue 
microstructure and microvasculature that is 
beneficial for the diagnosis of breast cancer 
lesions (Cho et al. 2015b, c; Bokacheva et al. 
2014; Iima et al. 2015; Liu et al. 2013).

• Diffusion-weighted kurtosis (DKI): In living 
tissue, DWI is affected by Brownian incoher-
ent motion and microperfusion or blood flow 
showing non-Gaussian phenomena (Jensen 
et al. 2005). The diffusion-weighted kurtosis 
(DKI) quantifies the deviation of tissue diffu-
sion from a Gaussian pattern and has demon-
strated a substantially higher sensitivity and 
specificity in cancer detection compared with 
ADC (Nogueira et al. 2014; Sun et al. 2015).

• Diffusion tensor imaging (DTI): DTI is con-
sidered to be an extension of DWI, providing 
information about water motion in six or more 
directions and thus characterizing the motion 
of water (Baltzer et  al. 2011b; Cakir et  al. 
2013) through two parameters: mean diffusiv-
ity (MD) and fractional anisotropy (FA). MD 
reflects the average anisotropy, whereas FA 
describes the degree of anisotropy (Cakir et al. 
2013; Le Bihan et al. 2001). The diffusion of 
water molecules in the mammary glandular/
ductal system is parallel to the walls of the 
ducts and lobules and leads to a restricted dif-
fusion in the perpendicular directions, leading 
to an anisotropic diffusion (Eyal et al. 2012). 
Based on the histopathological data, most 
breast pathologies result in decreased structur-
ing compared with healthy tissue. Therefore, 
any changes of this tissue structure by means 
of benign or malignant tumor growth should 
be reflected by changes in diffusion anisot-
ropy detectable with DTI (Baltzer et al. 2011b; 
Cakir et al. 2013; Eyal et al. 2012). Partridge 
et  al. (2010) investigated whether DTI mea-
sures of anisotropy in breast tumors are differ-
ent from those in normal breast tissue and 
whether this could improve the discrimination 
between benign and malignant lesions. The 
authors demonstrated that diffusion anisot-
ropy is significantly lower in breast cancers 
than in normal tissue, which may reflect alter-
ations in tissue organization, but that it cannot 
reliably differentiate between benign and 
malignant lesions. Baltzer et  al. (2011b) 
proved that DTI can visualize microanatomi-
cal differences between benign and malignant 
breast tumors, as well as normal breast paren-
chyma. However, FA did not have an incre-
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mental value compared with ADC. Although 
results for the diagnostic accuracy of FA are 
divergent (Partridge et al. 2009; Baltzer et al. 
2011b; Cakir et  al. 2013), it seems that DTI 
has the potential to serve not only as an adjunct 
method to DCE examination, but also as an 
alternative method when DCE imaging is con-
traindicated (Baltzer et al. 2011b; Eyal et al. 
2012; Partridge et al. 2010).

3.2  MR Spectroscopy

• Proton magnetic resonance spectroscopy (1H- 
MRS) is a noninvasive technique reflecting 
the chemical composition of a tissue by pro-
viding spatially localized signal spectra 
enabling the differentiation of various chemi-
cal compounds present in normal, benign, 
malignant, necrotic, or hypoxic region of 
interests (Marino et al. 2018a). Several studies 
have demonstrated that 1H-MRS can improve 
diagnostic accuracy in breast cancer diagnosis 
based on the detection of choline (Cho) that is 
involved in cell membrane turnover (Rahbar 
and Partridge 2016; Baltzer and Dietzel 2013). 
However, in addition to Cho metabolites, 
water and other important lipids can be 
detected in breast lesions. Previous results in 
ex vivo human mammary tissue have reported 
that invasive ductal carcinomas contain a 
higher water/fat ratio compared with benign 
and normal tissue at 1.3 ppm (Sharma et  al. 
2009b; Thakur et al. 2006; Jagannathan et al. 
1998). Several studies have explored the use 
of MRS at both 1.5 and 3T. The higher strength 
field offers approximately twice the signal-to- 
noise ratio (SNR) compared with a 1.5T sys-
tem and allows metabolite peaks to be more 
widely separated. However, the number of 
required corrections for T1, T2, transmit, and 
receive efficiency to perform a quantitative 
spectroscopy analysis is increased at 3T 
(Vaughan et  al. 2001; Hoult and Phil 2000; 
Bolan 2013). Moreover, from the clinical 
point of view although MRS at 3T is expected 
to perform better, no data in support of that 
have been found yet. In a recent systematic 

review and meta-analysis, Baltzer and Dietzel 
(2013) examined 18 different studies with 
spectroscopic data acquired at both 1.5 and 
3.0T field strength. The authors did not find 
any significant difference in diagnostic perfor-
mance between the two systems. Therefore, 
both the currently available systems are suit-
able. Few studies have investigated the role of 
MRS at ultrahigh-field-strength scans 
(Korteweg et  al. 2011; Klomp et  al. 2011; 
Bolan et al. 2002, 2003, 2004; Haddadin et al. 
2009). Korteweg et  al. (2011) evaluated the 
feasibility of 7T breast MRI by determining 
the intrinsic sensitivity gain compared with 3T 
in healthy volunteers and explored the clinical 
application of 7T MRI in neoadjuvant chemo-
therapy patients. The authors found that more 
anatomic detail was depicted at 7T than at 3T, 
and in one case, a fat plane between the mus-
cle and tumor was visible at 7T, but not at the 
clinically performed 3T examination, suggest-
ing that there was no muscle invasion, which 
was confirmed by pathology. They therefore 
concluded that dedicated 7T breast MRI is 
technically feasible, can provide more SNR 
than at 3T, and has diagnostic potential. 
Several studies have demonstrated that 1H-
MRS can improve diagnostic accuracy in 
breast cancer diagnosis (Rahbar and Partridge 
2016). In a recent meta-analysis of 19 studies, 
Baltzer and Dietzel (2013) evaluated the diag-
nostic performance and feasibility of 1H-MRS 
for differentiating malignant from benign 
breast lesions. The pooled sensitivity and 
specificity of 1H-MRS were 73% and 88%, 
respectively. 1H-MRS seems to be limited in 
the diagnosis of early breast cancer and small 
breast tumors as well as in non- mass- 
enhancing lesions. Gruber et al. (2011) devel-
oped a high-spatial- resolution 3D 1H-MRS 
protocol at 3T, designed to cover a large frac-
tion of the breast in a clinically acceptable 
measurement time of 12–15 min with excel-
lent data quality. In that study, with a Cho 
SNR threshold level of 2.6, 3D 1H-MRS pro-
vided a sensitivity of 97% and a specificity of 
84% in breast cancer diagnosis. 1H-MRS 
might also be a valuable tool for the assess-
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ment of the response to neoadjuvant chemo-
therapy (Jagannathan et  al. 2001; Danishad 
et  al. 2010; Sharma et  al. 2011). Meisamy 
et al. demonstrated that MRS of the breast was 
able to detect a change in Cho concentration 
from baseline (before receiving chemo) within 
24 h of administration of the first dose of the 
regimen. This change had a statistically sig-
nificant positive correlation with change in 
final size (p = 0.001) (Meisamy et al. 2005). In 
addition, Shin et al. showed that the tCho of 
tumors was higher in invasive versus in situ 
cancers and correlated this with several prog-
nostic factors, including nuclear grade, histo-
logic grade, and estrogen receptor status (Shin 
et al. 2012). Therefore, it can be expected that 
the addition of 1H-MRSI of the breast will 
offer a substantial advantage over DCE-MRI 
of the breast alone in the prediction of response 
to neoadjuvant chemotherapy. In addition, 
tCho seems to be indicative not only of an 
increased proliferation, but also of a hallmark 
of imminent malignant transformation 
(Glunde et al. 2011; Aboagye and Bhujwalla 
1999). Recently, Ramadan et al. (2015) dem-
onstrated that, in BRCA-1 and BRCA-2 carri-
ers, healthy breast tissue is likely to differ 
from each other as well as from non-mutation 
carriers with regard to levels of triglycerides, 
unsaturated fatty acids, and cholesterol in the 
absence of any other imaging findings. Further 
studies are warranted, but if these findings 
may be confirmed there might be relevant 
clinical implications for the screening of high- 
risk women.

• Sodium (23Na) MRI has been introduced as a 
novel MRI parameter for the detection and 
therapy monitoring of breast cancer. 23Na MRI 
provides information about the physiological 
and biochemical state of tissue with sodium 
concentration being an indicator of cellular 
metabolic integrity and ion hemostasis 
(Madelin and Regatte 2013; Ouwerkerk 
2011). In normal cells, a low intracellular 
sodium concentration is maintained by the 
Na+/K+-ATPase pump, which actively pumps 
sodium out of the cell against a concentration 
gradient formed by the higher extracellular 

sodium concentration. 23Na MRI can detect 
increased sodium levels secondary to failure 
of the Na+/K+-ATPase pump due to the break-
down of cell membranes, as observed in 
malignancy. At field strengths of 1.5 and 3T, 
23Na MRI is technically limited due to the 
intrinsically low SNR, resulting long imaging 
times (approximately 20–30  min), and poor 
spatial resolution. Substantial improvements 
can be facilitated with dedicated MRI coils, 
higher static magnetic field strengths such as 
7T, and optimized sequences, which shorten 
measurement times and improve the coverage 
and spatial resolution. Recently, Zaric et  al. 
(2016) studied quantitative 23Na MRI at 7T 
compared with DWI, demonstrating a good 
resolution and image quality in patients with 
breast tumors. They showed that discrimina-
tion of benign and malignant breast lesions 
(p  =  0.002) with similar results to DWI 
(p = 0.002) is feasible.

• Phosphorus spectroscopy (31P MRS) measures 
the bioenergetics of tissue and membrane 
phospholipid metabolism. The signals of 
phospholipid precursors and catabolites can 
be used as imaging biomarkers for tumor pro-
gression and response to therapy (Ackerstaff 
et al. 2003; Arias-Mendoza et al. 2006). It has 
been demonstrated in several in  vitro and 
in vivo 31P MRS studies that elevated levels of 
phosphocholine (PC)/phosphoethanolamine 
(PE) are detectable in several cancers. At 1.5 
and 3T field strengths, 31P MRS is restricted to 
relatively large and primarily superficial 
tumors. The application of 31P MRS is signifi-
cantly improved at 7T. In addition to a higher 
spectral resolution, 7T MRS provides a higher 
SNR that can be traded off for improving spa-
tial resolution or shortening scan time.

3.3  Emerging Techniques

• Chemical exchange saturation transfer 
(CEST) imaging is a MRI parameter that 
enables visualization of chemical exchange 
processes between protons bound to solutes 
and surrounding bulk water molecules (Ward 
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et al. 2000; Schmitt et al. 2012). It has been 
demonstrated that endogenous CEST can dis-
criminate tumor from healthy breast tissue 
based on the information about protons asso-
ciated with mobile proteins through the amide 
proton transfer (APT) effect, and it has also 
been implicated as a prognosticator of 
response to therapy. Dynamic CEST after the 
administration of glucose (glucoCEST) 
enables the evaluation of glycolysis. It was 
found that glucoCEST could noninvasively 
depict the kinetics of glycolysis, which is typi-
cally enhanced in malignant lesions. Initial 
data suggest that glucoCEST might be used as 
a substitute for PET/CT or PET/MRI in the 
clinical setting to detect tumors and metasta-
ses, distinguish between malignant and solid 
tumors, and monitor tumor response to ther-
apy (Nasrallah et al. 2013; Rivlin et al. 2013). 
Amide, amine, and aliphatic CEST (aaaCEST) 
allows the differentiation of areas of apopto-
sis/necrosis from actively progressing cancer 
(Klomp et al. 2013).

• Blood oxygen level-dependent (BOLD) MRI 
depicts tissue hypoxia, which is typically 
associated with tumor progression, recur-
rence, treatment resistance, and metastasis. To 
date, tumor hypoxia is assessed on biopsy- 
derived tumor tissue samples, with the main 
limitations being the invasiveness, non- 
representative sampling (the tumor can be 
quite heterogeneous, and biopsies can be non-
representative of the whole tumor), and neces-
sity to perform multiple evaluations to follow 
changes in tumor oxygenation after treatment 
(Shin et al. 2012) These limitations highlight 
the importance of developing imaging bio-
markers that can reliably detect tumor hypoxia 
for tumor grading and noninvasive monitoring 
spatio-longitudinally during treatment. Initial 
data suggest that BOLD MRI may be used as 
a simple, indirect, and noninvasive technique 
that yields hypoxia information on breast can-
cer (Stadlbauer et al. 2019) (Figs. 4 and 5) and 
can assess the response to neoadjuvant treat-

ment (Jiang et al. 2013). A recent study inves-
tigated the potential of quantitative BOLD 
MRI combined with vascular architectural for 
the characterization of breast cancers and 
showed that such a noninvasive synergistic 
assessment of tumor microenvironment 
(TME) hypoxia and induced neovasculariza-
tion enables the noninvasive identification of 
aggressive breast cancer (Bennani-Baiti et al. 
2020) (Fig. 6).

• Hyperpolarized MRI (HP MRI) is one of the 
most recent advances in molecular imaging, 
which allows a rapid, radiation-free, noninva-
sive investigation of tumor metabolism by 
exploiting exogenous contrast agents that 
have been “hyperpolarized.” While in conven-
tional MRI nuclear spins are polarized on the 
order of a few parts per million, in HP MRI, 
spins reach near-unity polarization, resulting 
in a substantially increased signal intensity 
(Ardenkjaer-Larsen et al. 2003; Brindle et al. 
2011). HP MRI nuclear spins are polarized in 
an amorphous solid state at ~1.2  K through 
coupling of the nuclear spins with unpaired 
electrons that are added to the sample via an 
organic free radical. In addition to the distinc-
tion of cancerous and normal cells (Golman 
et  al. 2006; Chen et  al. 2007; Kurhanewicz 
et al. 2008), HP MRI using 13C pyruvate has 
been demonstrated to have potential for the 
assessment of cancer progression (Albers 
et  al. 2008; Zierhut et  al. 2010). Recently, 
other novel probes for redox (13C dehydro-
ascorbate), necrosis (13C fumarate), and 
 glutamine metabolism (13C glutamine) have 
been developed to interrogate other metabolic 
pathways, with promising results (Keshari 
et  al. 2013). To date, there is no specific 
 clinical application for HP MRI in breast can-
cer. Nevertheless, several preclinical and ini-
tial studies in cancer, including breast cancer 
(Asghar Butt et  al. 2014), indicated that this 
technique may be applicable for the detection 
of breast cancer and assessment of treatment 
response in the future.

M. A. Marino et al.



241

ca b

Fig. 4 Noninvasive synergistic assessment of neovascu-
larization, oxygen metabolism, and hypoxia, respectively, 
in a 53-year-old patient with an invasive ductal carcinoma. 
Conventional MRI using DCE T1-weighted perfusion 
MR images in coronal, sagittal, and axial orientation (a, 
top-down) shows lesion size and position. The white line 
indicates the slice intersection. Imaging biomarker maps 
of OEF, MRO2, and mitoPO2 in coronal orientation (b, 
top-down) as well as of MVD, VSI, and MTI in coronal 
orientation (c, top-down) demonstrate intratumoral spatial 
heterogeneity. The invasive ductal carcinoma showed 
high MRO2, low mitoPO2, high MVD, and low (i.e., more 
pathologic) MTI. MRI magnetic resonance imaging, DCE 
dynamic contrast-enhanced, OEF oxygen extraction frac-

tion, MRO2 metabolic rate of oxygen, mitoPO2 mitochon-
drial oxygen tension, MVD microvessel density, VSI 
vessel size index, MTI microvessel type indicator. 
(Reprinted under a Creative Commons license (https://
creativecommons.org/licenses/by/4.0/) from Stadlbauer 
A, Zimmermann M, Bennani-Baiti B, Helbich TH, Baltzer 
P, Clauser P, Kapetas P, Bago-Horvath Z, Pinker 
K.  Development of a Non-invasive Assessment of 
Hypoxia and Neovascularization with Magnetic 
Resonance Imaging in Benign and Malignant Breast 
Tumors: Initial Results. Mol Imaging Biol. 2019 
Aug;21(4):758–770. https://doi.org/10.1007/s11307- 018- 
1298- 4 (Stadlbauer et al. 2019))
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Fig. 5 Noninvasive synergistic assessment of neovascu-
larization, oxygen metabolism, and hypoxia, respectively, 
in a 31-year-old patient with a benign fibroadenoma. 
Conventional MRI using DCE T1-weighted perfusion 
MR images in coronal, sagittal, and axial orientation (a, 
top-down) shows lesion size and position. The white line 
indicates the slice intersection. Imaging biomarker maps 
of OEF, MRO2, and mitoPO2 in coronal orientation (b, 
top-down) as well as of MVD, VSI, and MTI in coronal 
orientation (c, top-down) demonstrate intratumoral spatial 
heterogeneity with lower MRO2, higher mitoPO2, lower 
MVD, and higher MTI as compared to malignant tumors. 
MRI magnetic resonance imaging, DCE dynamic contrast- 

enhanced, OEF oxygen extraction fraction, MRO2 meta-
bolic rate of oxygen, mitoPO2 mitochondrial oxygen 
tension, MVD microvessel density, VSI vessel size index, 
MTI microvessel type indicator. (Reprinted under a 
Creative Commons license (https://creativecommons.org/
licenses/by/4.0/) from Stadlbauer A, Zimmermann M, 
Bennani-Baiti B, Helbich TH, Baltzer P, Clauser P, 
Kapetas P, Bago-Horvath Z, Pinker K. Development of a 
Non-invasive Assessment of Hypoxia and 
Neovascularization with Magnetic Resonance Imaging in 
Benign and Malignant Breast Tumors: Initial Results. Mol 
Imaging Biol. 2019 Aug;21(4):758-770. https://doi.
org/10.1007/s11307- 018- 1298- 4 (Stadlbauer et al. 2019))
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4  Screening MRI: Abbreviated 
MRI Protocols and Non-
contrast mpMRI

Randomized controlled trials have shown that 
mammographic screening in women at an aver-
age risk can reduce breast cancer mortality by up 
to 50% (Brenner 2002; Tabár et  al. 2011; Feig 
2014). In high-risk population, mammographic 
screening has shown several drawbacks inherent 
to this group of women, such as young age of the 
onset of the disease (Kerlikowske et  al. 1993; 
Brekelmans et al. 2001; Huo et al. 2002; Tilanus- 
Linthorst et al. 2002; Adem et al. 2003; Komenaka 
et al. 2004), dense breast tissue (Mandelson et al. 
2000; Kolb et al. 2002; Olsen et al. 2009), rapid 
tumor growth (Tilanus-Linthorst et  al. 2005), 
atypical imaging features of breast cancers 
(Schrading and Kuhl 2008; Veltman et al. 2008; 
Marino et  al. 2018b), and cumulative effect of 
radiation from yearly mammograms (Powell and 
Kachnic 2003; Jansen-van der Weide et al. 2010). 
In several prospective high-risk screening stud-
ies, MRI has widely proven its high sensitivity, 
outperforming other breast imaging techniques, 
such as mammography and/or ultrasound (Mann 
et  al. 2008; Sardanelli et  al. 2011). Therefore, 
international guidelines currently recommend 
annual MRI screening from age 25 years onward 
and additional mammography from age 30 years 
for women at high risk (Mann et  al. 2015; 
Sardanelli et  al. 2010; Expert Panel on Breast 
Imaging et al. 2017). Major criticisms of breast 
MRI screening are the high costs as a conse-
quence of relatively long acquisition and inter-
pretation times involved in a full diagnostic 
protocol. To overcome these limitations, Kuhl 
et al. (2014) in 2014 first introduced an abbrevi-
ated breast MRI protocol consisting of only one 
pre- and one post-contrast acquisition screening 
purpose. The authors proposed a 3-min acquisi-
tion time with a reading time of <30  s that 
achieved similar diagnostic accuracy compared 
with a full diagnostic protocol. Similar results 
have been obtained by other study groups who 

reproduced the abbreviated protocols for breast 
cancer screening (Kuhl et al. 2014; Mango et al. 
2015; Grimm et al. 2015; Moschetta et al. 2016; 
Harvey et al. 2016). Mango et al. investigated the 
diagnostic value of an abbreviated protocol con-
sisting of a pre-contrast T1-weighted sequence 
and an initial post-contrast T1-weighted 
sequence, both with fat saturation in cancers 
(Mango et  al. 2015). Mean sensitivities of 
93−96% for each sequence were reached, at a 
mean interpretation time of 44  s. The authors 
concluded that an abbreviated examination could 
translate into decreased cost and make breast 
MRI a more accessible modality. In a different 
approach, Mann et al. (2014) evaluated the use of 
ultrafast breast MRI with stochastic trajectory 
(TWIST) acquisitions (0.9 × 1 × 2.5 mm, tempo-
ral resolution, 4.3  s) as a screening tool. The 
authors found that ultrafast dynamic breast MRI 
allows detection of breast lesions and classifica-
tion with high accuracy allowing substantial 
shortening of scan protocols and hence reducing 
imaging costs. Kuhl et al. investigated the utility 
of MRI as a supplemental screening tool in 2120 
women at average breast cancer risk and found 
that MRI depicted 60 additional breast cancers, 
while 12 of 13 incident cancers were found with 
MRI alone (Kuhl et  al. 2017). Despite such 
encouraging results, breast MRI is currently not 
implemented in the screening of women at aver-
age risk of breast cancer, with the limiting factor 
being its relatively high direct and indirect costs 
compared with conventional imaging (Cott 
Chubiz et al. 2013; Lowry et al. 2012).

Several authors have investigated abbreviated 
non-contrast protocols with different combina-
tions of T1 weighted and/or T2 weighted with 
DWI, with encouraging results (Baltzer et  al. 
2018, 2010; Trimboli et  al. 2014; McDonald 
et al. 2016; Shin et al. 2016; Yabuuchi et al. 2011; 
Bickelhaupt et al. 2016). Shin et al. investigated 
two abbreviated protocols—non-contrast high 
b-value DWI and T1-weighted imaging vs. a 
contrast- enhanced protocol including early DCE- 
MRI sequences. They showed that both abbrevi-
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ated protocols achieved similar detection rates 
and diagnostic accuracy (Kuhl 2007a). Baltzer 
et  al. compared a non-contrast DWI protocol 
with a full contrast-enhanced protocol with DCE- 
MRI and T2-weighted imaging protocol; both 
protocols achieved similar results with high diag-
nostic performance and inter-reader agreement 
(Monticciolo et al. 2018). Bickelhaupt et al. com-
pared a non-contrast MRI protocol consisting of 
maximum-intensity projections from DWI with 
background suppression and unenhanced mor-
phologic sequence with an abbreviated DCE- 
MRI protocol and a full diagnostic MRI protocol 
to predict the likelihood of malignancy in patients 
recalled from screening mammography. The non- 
contrast MRI protocol was able to exclude malig-
nancy in these patients with a negative predictive 
value of 0.92 (Leithner et al. 2018). While these 
results are encouraging and highlight the poten-
tial of DWI as a promising MRI technique for 
non-contrast screening with MRI, a recent study 
comparing DCE-MRI, DWI as a stand-alone 
parameter for breast cancer detection, and 
mpMRI demonstrated that DCE-MRI remains 
the most sensitive protocol for breast cancer 
detection (Pinker et al. 2018a). A current limita-
tion of DWI is that its sensitivity is limited in 
smaller lesions ≤12 mm and in lesions presenting 
as diffuse non-mass enhancement (NME) (Pinker 
et  al. 2013). Nevertheless, research to improve 
the spatial resolution of DWI is ongoing, and it 
can be expected that further advances are possi-
ble to overcome its current limitations. In the 
meantime, as several studies have demonstrated 
that the mpMRI with DCE-MRI and DWI maxi-
mizes diagnostic accuracy, it seems that there is 

potential for the application of abbreviated MRI 
protocols with combined DCE-MRI and DWI in 
breast cancer screening.

5  Breast MRI Radiomics 
and Radiogenomics

Radiomics extracts information on phenotypic 
characteristics of the entire tumor in a noninva-
sive and cost-effective way by converting medi-
cal images into quantifiable data (Valdora et al. 
2018; Gillies et  al. 2016). Meanwhile, radioge-
nomics aims to correlate imaging characteristics 
(i.e., the imaging phenotype) with gene expres-
sion patterns, gene mutations, and other genome- 
related characteristics (Grimm 2016; Pinker et al. 
2018b; Mazurowski et  al. 2014). To date, 
radiomic and radiogenomics research in breast 
imaging has focused on DCE-MRI (Grimm 
2016; Pinker et al. 2018b; Dong et al. 2018; Saha 
et al. 2018a, b), extracting morphologic and func-
tional image features for determining individual 
gene signatures for the differentiation of molecu-
lar breast cancer subtypes as well as for correla-
tion with recurrence scores (RS) (Sutton et  al. 
2015; Li et al. 2016a, b).

Different radiogenomic studies have shown 
encouraging results. Yamamoto et  al. (2012) 
investigated ten patients undergoing preoperative 
DCE-MRI and global gene expression analysis. 
They presented a preliminary radiogenomic asso-
ciation map linking MRI phenotypes to underly-
ing global gene expression patterns in breast 
cancer. High-level analysis identified 21 imaging 
traits globally correlated with 71% of the total 

Fig. 6 Radiologic-histopathologic correlation: 58-year-old patient with an invasive ductal carcinoma (estrogen recep-
tor (ER)/progesterone receptor (PR) positive and human epidermal growth receptor 2 (HER2) negative, ki-67 20%). (a) 
MRI biomarkers. (b) Contrast-enhanced T1 (CE-T1) image coronal. (c) CE-T1 image axial. (d) Vascular endothelial 
growth factor receptor 1 (FLT1), (e) Podoplanin. (f) Hypoxia-inducible factor 1-alpha (HIF-1alpha). (g) Carbonic anhy-
drase 9 (CA IX). (h) Vascular endothelial growth factor C (VEGF-C). HIF-1alpha is expressed ubiquitously, along with 
VEGF-C and FLT1 in the more solid areas of the tumor. This is matched by higher levels of mitoPO2 values and OEF 
which are MRI biomarker for oxygen metabolism, especially in the tumor center. (Reprinted under a Creative Commons 
license (https://creativecommons.org/licenses/by/4.0/) from Bennani-Baiti B, Pinker K, Zimmermann M, Helbich TH, 
Baltzer PA, Clauser P, Kapetas P, Bago-Horvath Z, Stadlbauer A.  Non-Invasive Assessment of Hypoxia and 
Neovascularization with MRI for Identification of Aggressive Breast Cancer. Cancers (Basel). 2020 Jul 24;12(8):E2024. 
https://doi.org/10.3390/cancers12082024 (Bennani-Baiti et al. 2020))
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genes measured in patients with breast cancer 
(p < 0.05). Moreover, there were significant cor-
relations between heterogeneous enhancement 
patterns and interferon breast cancer subtype 
(p < 0.01). In addition, 12 imaging traits signifi-
cantly correlated with breast cancer gene sets, and 
11 traits correlated with prognostic gene sets 
(false discovery rate <0.25, respectively). 
Mazurowski et  al. (2014) performed radioge-
nomic analysis on a subset of 48 cases from The 
Cancer Genome Atlas database to investigate 
whether enhancement kinetics could predict the 
luminal B subtype. The authors found an increased 
ratio of tumor-to-background parenchymal 
enhancement in the luminal B subtype compared 
with other subtypes. MRI radiomics studies indi-
cate that tumor enhancement kinetics reflect 

underlying tumor biology. Bhooshan et al. (2010, 
2011) investigated breast MRI radiomics features 
for determining tumor invasiveness, achieving 
high accuracies of 83%. Yamaguchi et al. (2015) 
investigated the relationship between kinetic 
curve pattern and molecular subtypes, finding that 
HR+/HER2− and triple-negative (TN) breast can-
cer subtypes demonstrated less washout on the 
delayed phase of enhancement compared with 
HER2–luminal (HR+/HER2+) and HER2-
positive (HR−/HER2+) subtypes. Blaschke and 
Abe (2015) reported that HER2- positive tumors 
have a more rapid initial enhancement compared 
with other molecular subtypes. Li et al. (2016b) 
observed faster contrast enhancement in estrogen 
receptor-negative, progesterone receptor-nega-
tive, and TN cancers relative to estrogen receptor-
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Fig. 6 (continued)
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positive, progesterone receptor- positive, and 
non-TN cancers. In a recent study, Leithner et al. 
(2020) evaluated the performance of radiomics 
and artificial intelligence (AI) from mpMRI in 91 
breast cancer patients for the assessment of breast 
cancer molecular subtypes. The authors found 
that radiomics and AI from multiparametric MRI 
may aid in the noninvasive differentiation of TN 
and luminal A breast cancers from other subtypes, 
with an overall median AUC of 0.8.

Different recurrence scores, such as Oncotype 
DX (Genomic Health, CA), MammaPrint 
(Agendia, CA), Mammostrat (Clarient Diagnostic 
Services, CA), and PAM50/Prosigna (NanoString, 
WA), have been studied in association with breast 
cancer MRI features. Ashraf et al. in two different 
studies presented a method for identifying intrin-
sic imaging phenotypes in breast cancer tumors 
and investigated their association with prognostic 
gene expression profiles (Ashraf et al. 2014). In 
this study, the authors retrospectively analyzed 
breast DCE-MRI in 56 women and found a mod-
erate correlation between DCE-MR imaging fea-
tures and RS. Four dominant imaging phenotypes 

were detected, with two including only low- and 
medium-risk tumors. Sutton et  al. investigated 
the association between a validated, gene 
expression- based, aggressiveness assay, 
Oncotype DX RS, and morphological and 
texture- based image features extracted from 
breast MRI.  In their cohort of 95 patients, they 
found that a model for invasive ductal carcinoma 
correlates with Oncotype DX RS, suggesting that 
image-based features could also predict the like-
lihood of recurrence and magnitude of chemo-
therapy benefit (Sutton et  al. 2015). Li et  al. 
assessed the relationships of computer-extracted 
breast MRI phenotypes with MammaPrint, 
Oncotype DX, and PAM50/Prosigna to evaluate 
the role of radiogenomics in the risk of breast 
cancer recurrence. In this study, there were sig-
nificant associations between breast cancer MRI 
radiomics signatures and multigene assay recur-
rence scores, specifically MammaPrint, Oncotype 
DX, and PAM50/Prosigna risk of relapse based 
on the subtype (Li et al. 2016b) (Figs. 7 and 8).

Radiomics and radiogenomics aim to facili-
tate a deeper understanding of tumor biology and 
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Fig. 7 Correlation heat map based on the univariate lin-
ear regression analysis between each individual MRI phe-
notype and the recurrence predictor models of 
MammaPrint, Oncotype DX, PAM50 ROR-S, and PAM50 
ROR-P. In this color scale, yellow indicates higher corre-
lation as compared with blue and the different gene assays 

served as the “reference standard” in this study. Some 
phenotypes correlate similarly (i.e., similar color on the 
color scale) across the risk estimate models, while others 
do not. (Reprinted with permission from: Li H, Zhu Y, 
Burnside ES, et al. Radiology 2016;281:382–391)
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Fig. 8 Box-and-whisker plots show the relationship of 
the MRI-based phenotypes of (a) size (effective diame-
ter), and (b) enhancement texture (maximum correlation 
coefficient) with the recurrence predictor models of 
MammaPrint, Oncotype DX, PAM50 ROR-S, and PAM50 
ROR-P. A positive correlation between the selected MRI 
phenotypes of size (effective diameter) and negative cor-

relation with enhancement texture (maximum correlation 
coefficient) and increasing levels of risk of recurrence for 
MammaPrint, Oncotype DX, PAM50 ROR-S, and PAM50 
ROR-P were observed. A low value of this enhancement 
texture feature indicates a more heterogeneous enhance-
ment pattern. (Reprinted with permission from Li H, Zhu 
Y, Burnside ES, et al. Radiology. 2016;281:382–391)

capture the intrinsic tumor heterogeneity. 
Ultimately, the overarching goal is to develop 
imaging biomarkers for outcome that incorporate 
both phenotypic and genotypic metrics. Due to 
the noninvasive nature of medical imaging and its 
ubiquitous use in clinical practice, this young 
field of research is rapidly evolving. The previ-
ously detailed initial results are encouraging that 
the overarching goal to provide meaningful imag-
ing biomarkers that can be incorporated in clini-

cal practice for precision medicine in breast 
cancer can be achieved. To date, radiomics and 
radiogenomics in breast imaging have focused 
mainly on DCE-MRI, molecular breast cancer 
subtypes, and recurrence scores. However, it is 
expected that other well-established and emerg-
ing breast imaging techniques such as DWI or 
multi-nuclei MR spectroscopy will emerge in the 
field of radiomics and radiogenomics. It has to be 
noted that to date radiomics and radiogenomics 
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are still limited somewhat by the heterogeneity of 
datasets from different institutions and chal-
lenges in genetic testing. Therefore, larger pro-
spective studies are warranted to define the future 
role of radiomics and radiogenomics in the clini-
cal management of breast cancer.

6  Conclusions

DCE-MRI not only has become an essential 
method in breast imaging but is also undisputedly 
the most sensitive test for breast cancer detection 
outperforming conventional breast imaging. Due 
to its limitations in specificity, several other func-
tional MRI parameters as an adjunct to DCE- 
MRI have been explored with excellent success. 
Currently, mpMRI comprises established (DCE- 
MRI, DWI, T2-weighted) parameters and can be 
performed at 1.5, 3, and 7T.  Emerging MRI 
parameters, such as multi-nuclei spectroscopy, 
sodium imaging, CEST, BOLD, and hyperpolar-
ized MRI, are being investigated and translated 
from the experimental to clinical. mpMRI allows 
for different combinations of interchangeable 
functional MRI parameters and thus can 
 simultaneously assess a multitude of processes 
relevant for cancer development, progression, 
and response to treatment. In the clinical routine, 
mpMRI is mainly performed using DCE-MRI, 
T2 weighted, and DWI and has been shown to 
improve diagnostic accuracy and aid treatment 
decision-making. It has to be noted that the 
implementation of mpMRI is currently not uni-
form worldwide as the level of its integration is 
often dependent on the institution (academic vs. 
private practice), associated costs (e.g., specific 
coils, 7T), and each individual country’s reim-
bursement policies. Abbreviated ultrafast MRI 
and non-contrast mpMRI protocols are being 
investigated to save costs and hence make breast 
cancer screening with MRI available not only to 
high-risk women. Moreover, with advances in 
medical imaging techniques and image analysis 
and the development of high-throughput methods 
to extract and correlate multiple imaging param-
eters with genomic data, the field of radiogenom-
ics has emerged, aiming to correlate imaging 

phenotypes with genomic cancer characteristics 
to provide deeper insights in pathologic pro-
cesses. In conclusion, mpMRI of the breast is a 
still-evolving field, and a paradigm shift estab-
lishing advanced morpho-functional imaging 
with MRI potentially coupled with radiogenom-
ics is expected to further improve the diagnosis, 
prediction, and prognosis of breast cancer, ulti-
mately realizing the goal of precision 
medicine.FundingFunding was provided in part 
by the 2020—Research and Innovation 
Framework Programme PHC-11-2015 Nr. 
667211–2 and under grant agreement Nr.  
688188.
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Abstract

Magnetic resonance imaging (MRI) is an inte-
gral part of breast imaging due to its high sen-
sitivity in identifying malignancy and 
high-risk lesions (0.88–0.92, 95% confidence 

interval) (Mcgrath et  al., J Magn Reson 
Imaging 46(3):631–645, https://doi.
org/10.1002/jmri.25738, 2017) and its compa-
rability in positive predictive value to that of 
conventional imaging (15–30%). However, 
its  specificity is lower (0.67–0.77, 95% 
 confidence interval) (Mcgrath et  al., J Magn 
Reson Imaging 46(3):631–645, https://doi.
org/10.1002/jmri.25738, 2017; Myers et  al., 
Clin Breast Cancer 15(2):143–152, https://
doi.org/10.1016/j.clbc.2014.11.003, 2015) 
due to an overlap in imaging characteristics 
between benign and malignant lesions. 
Histologic sampling is therefore sometimes 
needed.
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1  Introduction

Magnetic resonance imaging (MRI) is an integral 
part of breast imaging due to its high sensitivity 
in identifying malignancy and high-risk lesions 
(0.88–0.92, 95% confidence interval) (Mcgrath 
et al. 2017) and its comparability in positive pre-
dictive value to that of conventional imaging 
(15–30%). However, its specificity is lower 
(0.67–0.77, 95% confidence interval) (Mcgrath 
et al. 2017; Myers et al. 2015) due to an overlap 
in imaging characteristics between benign and 
malignant lesions. Histologic sampling is there-
fore sometimes needed.

Often, suspicious lesions on MRI cannot be 
found on ultrasound and mammogram, the 
cheaper and more readily available modalities. 
Ultrasound correlates are found and biopsied in 
only half of the cases, usually a mass >10 mm, a 
lesion categorized as BI-RADS 5 or located in 
the axilla (Gombos et al. 2015; Meissnitzer et al. 
2009; Abe et  al. 2010). In addition, non-mass 
enhancement only at times is correlated to an 
overlooked area of microcalcifications on mam-
mogram (Mcgrath et  al. 2017; Papalouka et  al. 
2018). Moreover, in a recent study conducted by 
Lee et al. (2018) with percutaneous sampling of 
presumed ultrasound correlates to suspicious 
lesions identified by MRI, the correlate was only 
accurate in 26% of cases, and 10% of these dis-
cordant cases ultimately revealed malignancy 
(Lee et al. 2018). This chapter focuses on detail-
ing the technique and approach to MRI-guided 
breast interventions, specifically biopsies, but 
also wire localization and cancer ablation treat-
ment options.

2  Breast MRI-Guided Biopsy

2.1  Indications

A suspicious mass, unique focus, non-mass 
enhancement on MRI not reliably identified on 
mammogram or ultrasound is an indication for 
MRI-guided biopsy (Papalouka et al. 2018).

Once a lesion is detected on MRI, it is impera-
tive to correlate with mammography and perform 
targeted focal ultrasound. Suspicious non-mass 
enhancement usually does not have a correlate on 
ultrasound.

A sonographic correlate is more likely to be 
found when the lesion is larger than 10 mm, cat-
egorized as BI-RADS 5, or located within the 
axilla, rendering it more accessible with ultra-
sound (Mcgrath et al. 2017).

If the lesion is identified on focal ultrasound, 
an ultrasound-guided biopsy will be performed 
as it provides improved operator flexibility and 
patient comfort.

2.2  Pre-procedure

2.2.1  Patient Preparation, 
Counseling, and Consent

Patients should be interviewed, and medical 
records assessed prior to the MRI-guided biopsy 
to ensure success and appropriateness. Anxiety, 
allergies, coagulopathies, medications, presence 
of MRI-incompatible implanted device, status of 
pregnancy and lactation, and renal disease are 
key points to take into account.

Patient anxiety and motion artifacts can lead to 
repositioning, prolonged procedure time, and pro-
cedure termination (Mcgrath et  al. 2017; Bhole 
and Neuschler 2015; Santiago et al. 2018; Gombos 
et al. 2015). To improve the success of the proce-
dure, the procedure is discussed with the patient in 
detail. Anxiolytics such as lorazepam 1 mg tablets, 
1–2 h before the MRI-guided biopsy appointment, 
can be prescribed for anxious or claustrophobic 
patients who cannot tolerate the scan. A second 
tablet can be administered if the patient is still anx-
ious immediately before going into the scanner.

In patients with allergy to gadolinium or lido-
caine (Mcgrath et al. 2017; Bhole and Neuschler 
2015; Santiago et al. 2018), premedication can be 
performed with methylprednisolone 32  mg PO 
administered at 12 h and 2 h before contrast and 
diphenhydramine 50  mg PO/IV/IM 1  h before 
contrast injection.
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Bleeding disorders and anticoagulant medica-
tion are associated with increased risk of hema-
toma and bruising. For patients on warfarin, 
vacuum-assisted biopsy can be performed if INR 
is within the therapeutic range (Somerville et al. 
2008; British Society of Radiology n.d.). For 
patients at high or intermediate risk of thrombo-
embolic events where stopping anticoagulation is 
preferred, supervised bridge therapy with short- 
acting injectable blood thinners may be consid-
ered. Antiplatelets such as aspirin and clopidogrel 
do not need to be discontinued (Santiago et  al. 
2018).

The patient should be evaluated for pregnancy. 
MRI-guided procedures are not deemed appro-
priate in pregnancy due to the need of IV contrast 
administration (Expert Panel on Breast Imaging 
2018; Vashi et  al. 2013). Gadolinium contrast- 
enhanced MRI scans at any time during preg-
nancy may be associated with an increased risk 
of a broad set of disorders, including rheumato-
logical, inflammatory, or skin conditions, and, 
possibly, with stillbirth and neonatal death (Ray 
et al. 2016).

MRI-guided breast biopsy is not contraindicated 
in lactating women (Expert Panel on Breast Imaging 
2018; Vashi et al. 2013). There is a slightly increased 
risk of bleeding and infection due to the increased 
breast vascularization and ductal dilatation associ-
ated with pregnancy and lactation (Expert Panel on 
Breast Imaging 2018; Vashi et al. 2013). There is a 
small risk of milk fistula formation (Expert Panel on 
Breast Imaging 2018; Vashi et  al. 2013). After the 
biopsy, blood and lidocaine may be present in the 
breast milk. Pumping and discarding milk from the 
affected breast for up to 12–24 h may be performed 
(Vashi et al. 2013).

Presence of renal disease with a GFR rate 
<30 mL/min/1.73 m2 may be a contraindication 
for gadolinium-based contrast administration due 
to an increased risk of nephrogenic systemic 
fibrosis (Expert Panel on Urologic Imaging 
2021). This is especially true with linear nonionic 
or older linear ionic gadolinium-based contrast 
agents (Khawaja et al. 2015).

At the time of interview, the patient is asked 
about implanted devices. Presence of non-MRI- 

safe devices such as metallic implants, aneurysm 
clips, or MR-incompatible pacemakers is a con-
traindication to MRI.

The procedure, risks, benefits, and alternatives 
are discussed with the patient. Risks and compli-
cation rates are low. The patient must be instructed 
to avoid driving on the day of the procedure and 
be accompanied. Infection, pain, bruising, bleed-
ing, possible injury to adjacent structures, and 
possibility of scarring are discussed with the 
patient (Santiago et  al. 2018). In addition, the 
biopsy-marking clip purpose and placement and 
post-biopsy mammograms are discussed 
(Mcgrath et al. 2017; Bhole and Neuschler 2015). 
Lastly, the radiologist should discuss the possi-
bility of termination of the procedure, should the 
target not be visualized with contrast 
administration.

After assessing relevant medical records, 
interviewing the patient, discussing the proce-
dure with the patient, and properly identifying 
the patient and the site of biopsy, the consent is 
signed.

The procedure and potential risks should be 
discussed while avoiding the use of complex 
medical jargon. For example, the following can 
be used: “Your radiologist has recommended that 
you have an MRI-guided breast biopsy to take 
samples of tissue from your breast and examine 
them for cancer. You will first have an MRI done 
to find the exact area of your breast to biopsy. An 
MRI is a test that uses strong magnetic fields and 
injected contrast to take pictures of the inside of 
your body. Once the area to biopsy is found, your 
radiologist will insert a thin needle into your 
breast and remove a sample of tissue or cells. The 
sample is then checked for cancer. A tiny clip will 
be placed for reference. After your biopsy, you 
will have a mammogram” (MRI-guided breast 
biopsy n.d.).

2.2.2  Equipment
A magnet strength of 1.5T or higher is recom-
mended. A phased array dedicated breast coil, 
which has open access to the lateral and/or medial 
aspect of the breasts, is used (Papalouka et  al. 
2018).
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A vacuum-assisted device is utilized to maxi-
mize the volume of tissue and ensure adequate 
sample size. The vacuum console itself is not 
MRI compatible, only the foot pedal and biopsy 
driver can be brought into the MRI suite (Bhole 
and Neuschler 2015). A grid is used with a pillar 
and post system for localization. The grid is a 
plastic panel made of uniformly spaced square 
openings, which will receive the needle guide 
and allow access to the breast (Fig. 1a, b). The 
pillar and positioning device has medial and lat-
eral compression plates, a needle guide (Fig. 1c, 
d) for placing the fiducial marker, and a needle 
sleeve (Taneja et  al. 2010). A T1 hyperintense 
fiducial or vitamin E marker (black arrows in 
Fig. 1a, b) is placed within one of the grid’s open-
ings and acts as a reference to determine the opti-

mal position for the needle guide and the needle 
entry site (Mcgrath et  al. 2017; Santiago et  al. 
2018; Gombos et al. 2015).

The MRI-guided biopsy kit consists of a coax-
ial system that is MR compatible (Fig.  2). The 
outer component consists of a plastic introducer 
sheath with depth gradation, and a small sur-
rounding mobile depth marker. The inner compo-
nent is a metallic, sharp, introducer stylet, which 
can be interchanged with a plastic obturator 
(Mcgrath et al. 2017; Bhole and Neuschler 2015; 
Santiago et  al. 2018). The biopsy needle gauge 
and size will depend on the tissue, lesion size, and 
depth. In general, a beveled-tip large 9–14 G nee-
dle is used (Bhole and Neuschler 2015; Gombos 
et  al. 2015; Ghate et  al. 2006; Orel et  al. 2006; 
Meeuwis et al. 2012; Papalouka et al. 2018).

AUBMC

AUBMC

AUBMC

c

d

a b

Fig. 1 (a, b) Grid with uniformly spaced square openings 
and two fiducial markers (black arrows) as well as a nee-
dle guide (c). The needle guide is made of multiple short 
tunnels. It fits into a predetermined square in the grid (d), 

and the coaxial system fits into one of the tunnels in the 
needle guide allowing accurate direct targeting of the 
lesion. (d) Schematic representation of the needle guide 
within the grid
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2.2.3  Imaging Protocol
The adapted sequences may vary between institu-
tions, but the common goal is to minimize the 
image acquisition and procedure time without 
compromising lesion visualization and image 
quality (Santiago et  al. 2018; Gombos et  al. 
2015). The most commonly used protocol 
includes an initial triplane localizer sequence fol-
lowed by pre-contrast fat-saturated T1W images 
in the sagittal plane. These initial images help 
ensure the area with the target lesion, the grid, 
and fiducial markers are all included in the field 
of view. Dynamic post-contrast fat saturation 
T1W images with subtractions are then per-
formed. A gadolinium-based contrast agent 
(GBCAs) is administered intravenously as a 
bolus with standard dosing by weight of 
0.1 mmol/kg followed by a saline flush of at least 
10 mL (American College of Radiology 2016). If 
a single post-contrast scan is acquired, the scan 
time should not extend beyond 4 min after bolus 
injection (American College of Radiology 2016). 
Slice thickness of 3  mm or less is preferred 
(Gombos et al. 2015). CAD localization software 
is optional, but knowledge of manual calculation 
of the index lesion is essential.

a

b c d

AUBMC

Fig. 2 MRI-guided breast biopsy kit: (a) plastic intro-
ducer sheath with mobile depth marker (black arrow); (b) 
metallic sharp introducer stylet; (c) plastic obturator; (d) 
clip marker

LOC Sagittal T1 pre Sagittal T1 post
Generic sequence name 3-PLANE VIBRANT VIBRANT
Plane Sagittal Sagittal
Options ASSET ASSET
Field of view (cm) 48 22–24 22–24
Slice thickness (mm) 12 3 3
Gap (mm) 0 0 0
Saturation pulse FAT FAT
TE1/TE2 80 4.2 4.2
TR
Flip angle 10 10
Bandwidth (kHz) 83 83.3 83.3
ETL
NEX 1 1
Phase encoding steps 128 320 320
Frequency steps 128 320 320
Frequency direction A/P
Comments ISOTROPIC ISOTROPIC
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2.3  Procedure

2.3.1  Planning
Prior diagnostic MR images are reviewed to 
assess the location of the target lesion including 
the lesion depth and distance from the nipple and 
midline in all three planes. These parameters dic-
tate the side and approach of the biopsy. 
Anatomical landmarks aid in localizing the lesion 
during the pre-contrast biopsy images (Mcgrath 
et al. 2017). In addition, prior mammograms are 
assessed for biopsy clips in order to choose a dif-
ferent clip shape for the upcoming procedure.

It is important that, when sampling more than 
one lesion, the most suspicious lesion should be 
biopsied first. Planning for multiple biopsies 
should be done beforehand (Mcgrath et al. 2017; 
Santiago et al. 2018).

2.3.2  Positioning (Fig. 3a, b)
The patient lies in the prone position, and the tar-
geted breast is compressed to provide immobility 
and reproducibility of prior diagnostic imaging. 
The breast is adequately compressed to stabilize 
the breast and the needle (Mcgrath et  al. 2017; 
Bhole and Neuschler 2015; Santiago et al. 2018; 
Gombos et al. 2015). Excessive compression will 
lead to decreased blood and contrast flow to the 
lesion. Too little or loose compression will increase 
the risk of ill-positioned needle and skin tenting.

The positioning of the patient’s arms must 
take into consideration the target lesion depth and 
subjacent tissues (Mcgrath et al. 2017; Santiago 

et al. 2018). If the lesion is posterior, the arms are 
set down alongside the body. This will help relax 
the pectoralis muscle and allow more tissue to 
fall dependently into the coil (Mcgrath et  al. 
2017).

If the lesion is too close to the pectoralis mus-
cle, the arms can be positioned over the head to 
lift the muscle out of the grid and keep the breast 
parenchyma behind. This allows greater separa-
tion of the lesion from the muscle and makes it 
more accessible (Mcgrath et al. 2017).

If the lesion is anterior or periareolar, the dis-
tance from the nipple is evaluated to estimate 
whether the lesion will be included within the 
positioning device before image acquisition 
(Bhole and Neuschler 2015).

The breast can be approached from the lateral 
or the medial side, whichever allows the shortest 
distance from the skin to the index lesion. The 
grid is placed on the side of the predicted 
approach, and the marker is placed on the skin 
(vitamin E vs. fiducial). The skin should be 
marked where the marker is set.

2.3.3  Imaging
After the pre-contrast images are acquired, com-
parison with prior diagnostic MR images is per-
formed, and positioning is readjusted accordingly. 
The breast fibroglandular/fat interface can be 
used as the landmark to deduce the location of 
the lesion on the precontract images. Gadolinium- 
based contrast is then administered, and images 
are acquired within the first 2 min (Fig. 4a–c).
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a b

Fig. 3 (a, b) Patient lying prone with the targeted breast compressed against the grid
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c

a b

Fig. 4 Pre-contrast (a), post-contrast (b), and post-biopsy 
sagittal T1-weighted images of the breast. (b) 
Demonstrates a focus of enhancement (yellow border cir-

cle) corresponding to the target lesion with post-biopsy 
changes (white arrow, c)

2.3.4  Localization
After the enhancing lesion is visualized, the 
biopsy entry point is calculated using the CAD or 
the manual approach. The X and Y axes indicate 
the needle entry site, and Z-axis indicates the 
lesion depth. Either a manual approach or a digi-
tal technique can be used.

For the manual approach, the operator scrolls 
from the lesion to the skin surface (identified by 
visualization of the grid and fiducial marker). 
This will determine the number of slices/depth 
(Z-axis) and the appropriate grid square and nee-
dle guide tunnel to enter the skin (X- and Y-axis) 
(Mcgrath et al. 2017).
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The number of slices from the skin to the 
lesion is then multiplied by the slice thickness of 
acquisition (3 mm in our institution). For exam-
ple, a lesion that is 7 slices away from the fiducial 
marker would be 2.1  cm deep. Some setups 
require an additional 2 cm to be added to the cal-
culated depth to account for the length of the 
 tunneled needle guide (Mcgrath et  al. 2017; 
Bhole and Neuschler 2015).

For the digital technique, the fiducial serves as 
a reference, and the lesion is marked on a dedi-
cated software which then calculates the entry 
point (X and Y) as well as depth (Z) (Mcgrath 
et al. 2017; Santiago et al. 2018).

If the patient is oriented headfirst in the MRI 
scanner, the chest wall is at the 12 o’clock posi-
tion, the nipple is at the 6 o’clock, and the orien-
tation of the head is at the 3 o’clock (Bhole and 
Neuschler 2015).

If the target lesion is not visualized, the equip-
ment including coil or contrast injection pump 
should first be checked for failure. The patient 
should also be examined for contrast extravasa-
tion. If this initial evaluation is unrevealing, 
breast compression should be lessened and 
delayed and subtracted images obtained. Both 
axial and sagittal views should be obtained.

If the lesion is still not visualized, the ACR rec-
ommends short-term MRI follow-up in 3–6 months 
(Mcgrath et al. 2017). In a study by Niell et al. where 
445 lesions were biopsied, 13% of the procedures 
were aborted due to non- visualization of biopsy tar-
get. In their population, 10% of these patients who 
were followed ultimately were diagnosed with a 
malignancy (Niell et al. 2014). In another study by 
Pinnamaneni et al., the malignancy rate in an aborted 
biopsy due to non-visualization was much lower, at 
1.9% (Pinnamaneni et al. 2018). Lastly, in a third 
retrospective trial by Brennan et  al., with 907 
patients, 8% of biopsies were aborted due to non- 
visualization, and the cancer detection rate in this 
population was similar at 2% (Brennan et al. 2011).

2.3.5  Biopsy
The vacuum-assisted breast biopsy (VABB) device 
must be flushed ahead of the procedure to ensure the 
elimination of air bubbles which would otherwise 
produce susceptibility artifact (Mcgrath et al. 2017; 
Bhole and Neuschler 2015). The skin is then marked 

and cleansed with betadine or chlorhexidine at the 
predetermined entry site. Afterwards, superficial and 
deep local anesthesia is injected, ensuring that a 
wheel is performed and adequate time is given for the 
anesthesia to take effect. A superficial skin incision is 
sometimes needed. The introducer stylet is then 
inserted into the plastic introducer sheath and 
advanced through the skin using the “push and twist” 
technique until the correct predetermined depth is 
reached as indicated by the stopper on the plastic 
introducer sheath (Fig.  5a) (Mcgrath et  al. 2017; 
Bhole and Neuschler 2015). The “push and twist” 
technique decreases the risk of “skin tenting” and the 
“snowplow effect.” “Snowplowing” occurs when the 
breast tissue and the target lesion are pushed away 
from the needle tip as the needle advances deeper 
(Mcgrath et al. 2017). This effect is worse with dense 
breast and suboptimal compression.

The cutting stylet is then replaced with the 
plastic obturator (Fig.  5b). T1-weighted 
sequences are then reacquired to ensure that the 
introducer/obturator tip is subjacent to the lesion, 
ideally within the center of a large lesion or prox-
imal margin of a small lesion. Once the target 
position has been confirmed, the plastic obturator 
is replaced by the biopsy device (Fig.  5c), and 
sampling can be performed (Santiago et al. 2018).

2.3.6  Sampling
In general, 12 samples about the clockface or 
directed in the region of the lesion usually suffices 
for proper histological analysis (Bhole and 
Neuschler 2015). Placing the tip in or too close to 
a small lesion may result in biopsy firing beyond 
the lesion and the sampling notch incompletely 
covering the target site. This is less of a concern 
for larger lesions. Once all samples have been 
obtained, post-biopsy images are obtained to con-
firm adequate sampling of the target lesion. The 
biopsy site is then irrigated and suctioned to mini-
mize the risk of post-biopsy hematoma (Mcgrath 
et  al. 2017). A biopsy clip of unique shape is 
placed to avoid confusion with prior clips (Fig. 5d).

2.3.7  Post-biopsy Care
As soon as the biopsy system is removed, com-
pression is administered to minimize hematoma 
formation and bleeding. It should be applied for 
10–15 min. A post-biopsy mammogram confirms 
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Fig. 5 The metallic cutting stylet (a) is first mounted into 
the sheath, and the entire coaxial system is introduced into 
the predetermined tunnel of the needle guide. Once the 
appropriate depth is reached, the cutting stylet is 

exchanged for the obturator (b). The sample is then 
obtained using a VAB device (c). After the biopsy, repeat 
imaging is performed to ensure adequate sampling of the 
target lesion, and a clip marker (d) is deployed

deployment and position of biopsy clip. If a 
hematoma has formed and the patient does not 
have a supportive bra, an ACE bandage can be 
considered (Bhole and Neuschler 2015). If bleed-
ing does not stop, additional compression and 
epinephrine injection usually suffice. Sometimes, 
the hematoma may be aspirated with a large- 
gauge needle or small catheter.

2.3.8  Assessment of Sampling 
Accuracy and Technical 
Limitations

Imaging evaluation of the biopsied region by 
MRI guidance is limited by several factors 
(Mcgrath et al. 2017; Bhole and Neuschler 2015; 
Santiago et al. 2018).

When compared to ultrasound-guided biopsy, 
real-time visual confirmation of the needle target-
ing the lesion is not possible. Moreover, in post 
images, the contrast will be washed out, and addi-

tionally blood, air, and biopsy clip susceptibility 
further obscure the biopsied region (Mcgrath et al. 
2017). As such, 7–9% of MRI- guided biopsies 
result in discordant imaging- pathologic results, 
requiring repeat biopsy (Mcgrath et al. 2017).

3  MRI-Guided Wire 
Localization

Similar to mammography guide wire localiza-
tion, MRI guidance is performed to evaluate the 
disease extent in the preoperative setting. Patient 
preparation, risks, and procedural planning are 
similar to the MRI-guided biopsy. After identify-
ing the lesion, a hollow needle with a loaded 
MRI-compatible wire is placed at the targeted 
depth. When the position is established, the wire 
is deployed into the lesion (Mcgrath et al. 2017; 
Santiago et al. 2018).

MRI-Guided Breast Interventions



268

4  MRI-Guided Percutaneous 
Ablative Treatment

Local regional treatment of breast cancer is 
evolving. Previously, mastectomy, either radical 
or modified radical, was the mainstay of the treat-
ment of breast cancer. Although this remains 
appropriate for some patients, breast conserva-
tion has become the method of choice in many 
patients in achieving both optimal cosmetic 
results and minimal rates of in-breast recurrences 
after treatment. In the exploration of less invasive 
techniques, imaging-guided ablation treatments 
are a promising emerging alternative to surgical 
resection in select cases with fewer complica-
tions, better cosmetic outcome, and less patient 
discomfort. A potential usage can be considered 
for the control of local tumor growth, as pallia-
tive therapy or in patients who are poor surgical 
candidates (Pediconi et  al. 2018) (Chapter 
“Minimal Invasive Therapy”).

The purpose of these procedures is to achieve 
irreversible cell damage while sparing the overly-
ing and surrounding tissues (Gombos et al. 2015). 
Both ultrasound and MRI can be used, with MRI 
best equipped to include the extent of disease and 
monitor the ablation progress (Pediconi et  al. 
2018; Gombos et al. 2015). The most commonly 
used and studied techniques are the minimally 
invasive radiofrequency ablation (RFA), laser- 
induced thermal therapy (LITT), cryoablation 
therapy, and noninvasive high-intensity focused 
ultrasound (HIFU) ablation. RFA, LITT, and 
HIFU rely on hyperthermic ablation, while cryo-
ablation uses freezing temperatures (Pediconi 
et  al. 2018; Gombos et  al. 2015). At this time, 
surgery remains the mainstay of treatment. MRI- 
guided ablative procedures are currently only 
used in clinical trials and specific institutions.

4.1  Radiofrequency Ablation 
(RFA)

Performed under ultrasound or MRI guidance, this 
procedure relies on high-frequency alternating 
current being delivered via needle electrodes. The 
needle is introduced at the target lesion, and the 
increase in temperature results in cellular damage 

and coagulation necrosis (Pediconi et  al. 2018; 
Gombos et  al. 2015). Ultrasound-guided RFA 
faces many technical limitations resulting from the 
hyperechogenicity of the heated breast tissue and 
shadowing artifact from gas bubbles formed dur-
ing ablation. These issues can be overcome with 
the use of MRI instead. Studies demonstrated a 
reliable correlation between tumor ablation vol-
ume on MRI images and histopathologic analysis 
(Pediconi et al. 2018; Vilar et al. 2012).

On post-ablation contrast-enhanced MRI, the 
viable residual tumor appears as an irregular or 
nodular enhancement at the ablation margin, and 
necrosis correlates with non-perfused tissue or 
fluid collection surrounded by an enhancing rim 
of reactive hyperemia. Skin burn and injury to the 
pectoralis muscle are the most common compli-
cations and described in up to 5% of cases 
(Pediconi et al. 2018; Vilar et al. 2012).

4.2  Laser Interstitial Thermal 
Therapy (LITT)

LITT relies on MRI-compatible cooled optic 
fibers percutaneously inserted into the target lesion 
to deliver laser-generated ablative heat and tissue 
necrosis. Target tissue temperature reaches 60 °C 
for up to 20 min. This results in a centrally necrotic 
cavity surrounded by pale tissue and an external 
hemorrhagic rim (Pediconi et  al. 2018; Gombos 
et al. 2015). The optic fibers used in LITT can be 
placed through the outer cannula of a breast biopsy 
needle, allowing it to be directly performed fol-
lowing a breast biopsy. Potential complications 
include skin burn and gaseous rupture of the tumor.

Some institutions have successfully applied 
LITT for the treatment of benign fibroadenomas 
(Gombos et al. 2015; Lai et al. 1999; Harms et al. 
1999).

4.3  Cryoablation (Pediconi et al. 
2018; Gombos et al. 2015)

In contrast to RFA and LITT, cryoablation uses 
hypothermia. Tissue ablation is achieved through 
rapid decrease in temperature (from −187 to 
−70  °C) using the Joule-Thomson effect with 
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argon gas needle probes or cooled liquid nitrogen 
probes. Tissue freezing leads to rapid formation 
of intra- and extracellular ice crystals that lead to 
mechanical damage and disruption of the micro-
circulation. In a study by Roubidoux et al., 78% 
of treated patients had no residual disease follow-
ing resection and histopathologic examination 
(Pediconi et al. 2018). Another study conducted 
by Morin et al. (Gombos et al. 2015; Morin et al. 
2004) found that almost 50% of treated tumors 
achieved total ablation on surgical excision spec-
imens performed 4 weeks following the ablation. 
The targeted zone for cryoablation must be larger 
than the lesion size. The ice ball will appear as a 
signal void on MRI due to T2*-shortening effect. 
Post-therapy local swelling and ecchymosis are 
common and resolve within 2–3 weeks. A palpa-
ble lump resolves slowly over time.

4.4  High-Intensity Focused 
Ultrasound Ablation (HIFU)

HIFU ablation is a noninvasive external transducer 
that generates sonic waves. The piezoelectric 
transducer located inside the MRI table generates 
an ultrasound beam (1.5 MHz) that is focused on 
the target lesion, which can be up to 20 cm deep. 
The target area is subjected to a rapid elevation in 
temperature (56–90 °C for 10–20 s), resulting in 
coagulative necrosis (Pediconi et al. 2018; Gombos 
et al. 2015). In addition, gas bubbles are created by 
the ultrasound property of compression and rar-
efaction of the tissue also known as mechanical 
cavitation mechanism. Those microbubbles are 
compressed and expanded by the ultrasound wave 
and cause cell damage, thus increasing the overall 
ablation efficiency (Gombos et  al. 2015). On 
imaging, the ablated region will appear as a sharp 
circumscribed, elliptical lesion with a volume of 
50–300 mm.

5  Conclusion

The role of MRI-guided interventions in the field 
of breast imaging has become strongly estab-
lished over the past few years. Adequate in-depth 
knowledge, understanding, and training in MRI- 

guided breast biopsy procedure are of utmost 
importance for every breast radiologist in order 
to ensure satisfactory and diagnostic sampling 
and treatment as appropriate of all suspicious 
lesions that are mammographically and sono-
graphically occult.
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Abstract

The presence of axillary lymph node metasta-
ses remains one of the most important prog-
nostic factors in breast cancer. Axillary 
ultrasound is used routinely in clinical prac-
tice, with both morphological features and 
cortical thickness prompting selective needle 
biopsy of lymph nodes. Ultrasound and axil-
lary core needle biopsy have a positive impact 
on the management of patients with breast 

cancer, as preoperative identification of axil-
lary metastases allows the patient to proceed 
directly to full axillary lymph node dissection, 
avoiding unnecessary sentinel lymph node 
biopsy. The performance characteristics of 
axillary US vary widely in the literature, and 
its clinical utility has been called into question 
with the advent of the American College of 
Surgeons Oncology Group Z0011 trial. 
Subsequently, focus has been on imaging to 
improve discrimination between limited and 
advanced nodal disease as well as improved 
targeting of the sentinel lymph node. The tim-
ing of sentinel lymph node biopsy and the use 
of imaging in the setting of neoadjuvant che-
motherapy have also been a subject of much 
debate. While US is the most widely used 
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technique for axillary assessment, multimo-
dality imaging techniques including MRI and 
PET-CT have been investigated to provide 
nodal staging information.

1  Indications for Axillary 
Imaging and Clinical 
Relevance

The presence of axillary node metastases remains 
one of the most important prognostic factors in 
breast cancer, and for determining the need for 
systemic chemotherapy and radiation therapy 
(Kleer and Sabel 2010). Approximately 30–40% 
of newly diagnosed breast cancer patients will 
have nodal metastases (Siesling et al. 2003). The 
AJCC TNM staging system (eighth edition) 
includes both clinical and pathological staging 
(Amin et  al. 2017). Clinical nodal staging is 
based on the findings on both clinical examina-
tion and imaging, while pathological nodal stag-
ing is defined according to node assessment at 
sentinel lymph node (SLN) surgery or complete 
axillary lymph node dissection (ALND). 
Clinically detected nodes are defined as nodes 
that have suspicious characteristics on clinical 
examination or imaging. Pathologic lymph node 
staging is dependent on the size of the metastasis, 
the total number of positive nodes, and the ana-
tomic location of the involved nodes. The patho-
logic node staging criteria are based on the 
number of nodes identified histologically as con-
taining metastases. One to three positive nodes 
are considered pN1, four to nine positive nodes 
are considered pN2, and ten or more positive 
nodes are considered pN3.

Historically, ALND has been used for the 
evaluation and treatment of axillary metastases 
(Banerjee et  al. 2004; Benson et  al. 2007). 
However, ALND is associated with noteworthy 
morbidity, including postoperative seroma, par-
esthesia, and lymphoedema (Fleissig et al. 2005; 
Lucci et al. 2007; Ahmed et al. 2008; Liu et al. 
2009). Subsequently, sentinel lymph node biopsy 
(SLNB), involving intramammary injection of a 
radiolabeled colloid (Tc-99 sulfur colloid) with 

or without the addition of a blue dye (lympha-
zurin or methylene blue) followed by an open 
surgical biopsy of axillary nodes demonstrating 
radioactive or blue dye uptake, emerged as a safe 
and accurate minimally invasive alternative for 
clinically node-negative patients. SLNB was 
shown to have a low false-negative rate, high 
negative predictive value, and importantly con-
siderably less morbidity (Veronesi et al. 2003). In 
2005, a panel from the American Society of 
Clinical Oncology (ASCO) published guidelines 
recommending SLNB as an initial alternative for 
ALND with early-stage breast cancer, and only 
patients who were detected as lymph node posi-
tive at SLNB required complete axillary dissec-
tion (Lyman et al. 2005).

The benefit of preoperative identification of 
axillary metastases means that the patient, if node 
positive, can proceed directly to ALND at the 
time of tumor excision, thereby sparing a second 
operation and general anesthetic, as well as the 
small risk of complications from SLNB.

While multiple imaging modalities have been 
used to determine axillary status preoperatively 
(Hyun et al. 2016), it is only axillary ultrasound 
with selective needle biopsy of morphologically 
abnormal nodes which is used routinely in clini-
cal practice (NICE 2009; ACBS 2011), given its 
relatively high sensitivity and specificity com-
pared to physical examination of the axilla as 
well as its ease of use. The strategy for identify-
ing axillary metastases with US prior to surgery 
varies among countries and institutions, ranging 
from imaging only patients with suspicious clini-
cal findings of the axilla to specific protocols 
imaging patients with invasive tumors larger than 
a certain size. It is routine practice in the UK to 
perform axillary US in all patients with suspected 
breast cancer on initial imaging (NICE 2009).

2  Anatomy and Ultrasound 
Examination Technique

Axillary ultrasound should be performed using a 
high-resolution, linear array, high-frequency 
transducer of at least 10 MHz, with the frequency 
suitably adjusted based on patient body habitus 
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and imaging findings. The patient should lie in a 
supine oblique position, with their hand held 
behind their head and with the arm abducted and 
externally rotated. Nodes should be imaged in 
orthogonal planes with grayscale US.  If color 
Doppler US is used, it is recommended to use 
low-wall filter settings and low-velocity settings 
to detect abnormal cortical blood flow (Dialani 
et al. 2015).

Anatomically, the axilla has a three- 
dimensional shape resembling a pyramid, with 
borders consisting of four sides, and a base with 
an opening at the apex. The size and shape of the 
axilla varies with arm abduction, and it contains 
structures including the axillary artery and vein, 
brachial plexus, and axillary lymph nodes. The 
axilla is divided into three levels by the pectoralis 
minor muscle. Level I is bounded by the axillary 
vessels and the lateral border of pectoralis minor, 
with level I lymph nodes lying lateral and inferior 
to pectoralis minor (Fig. 1). Lymph nodes lying 
beneath pectoralis minor are classified as level II, 
and those deep and medial to the medial border 
of pectoralis minor are level III (infraclavicular). 
Drainage generally proceeds in a stepwise fash-
ion from level I to II to III, and finally into the 
thorax (Moore 1985). Nodal metastases to level 
III carry a worse prognosis than metastases to 
level I and level II axillary nodes. Metastases to 
the internal mammary nodes usually occur after a 
tumor has metastasized to the axilla, although 
isolated metastases to the internal mammary 
nodes occur in up to 5% of breast cancers and 
often come from deep or medially situated 
lesions. The presence of internal mammary node 
metastases does have prognostic significance and 
carries a small risk of local recurrence (Chen 
et al. 2010).

A set routine is recommended when perform-
ing ultrasound of the axilla so that lymph nodes 
are not overlooked (Britton et  al. 2009a, b). A 
thorough examination of level I should be per-
formed, with emphasis placed on scanning inferi-
orly through the axillary tail, with the reason 
being the majority of sentinel lymph nodes lying 
low in the axilla at a distance from the axillary 
vessels, with more than three-quarters of the 
SLNs being the lowest identifiable node (Britton 

et al. 2010). High rates of ultrasound targeting of 
the SLN have been demonstrated by tightly 
focused US technique examining the axilla 2 cm 
above to 3 cm below the lowest axillary hair fol-
licles (Nathanson et al. 2007). The examination 
should start in the axillary tail with the probe 
moved cranially along the lateral border of the 
pectoralis muscles to the level of the axillary ves-
sels. Then further similar sweeps can be per-
formed moving further laterally until teres major 
and subscapularis muscles are seen at the lateral 
edge (Fig.  2). The lateral thoracic and thora-
codorsal arteries may be seen along each margin, 
although lymph nodes are often found in isola-
tion within the axillary fat (Fig. 3). Occasionally, 
the hilar vessels to a particular node can be seen 
and traced back to their artery of origin. Only if 
morphologically abnormal nodes are seen in 
level I should level II and III be scanned to deter-
mine the likely extent of lymph node involve-
ment. This practice varies between institutions, 
with some centers advocating examination of 

Pec Major

Pec Minor

Fig. 1 US of level 1 lymph node (arrow) lying lateral to 
pectoralis minor

Teres major

Subscapularis

Fig. 2 US of the lateral border of the axilla demonstrat-
ing teres major and subscapularis muscles
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Fig. 3 US of normal lymph node lying in axillary fat

Pec Major

Pec Minor

Fig. 4 US appearances of level II of the axilla demon-
strating pectoralis major and minor muscles

level II, the fat behind pectoralis minor muscle, in 
patients whose cancer is located superiorly in the 
breast and where lymph node spread may bypass 
level I (Fig.  4). Some institutions also scan the 
supraclavicular area and along the margin of the 
sternum, following the course of the internal 
mammary artery if abnormal nodes are found in 
level I.

3  US Features 
of Morphologically Normal 
and Abnormal Lymph Nodes

The normal axillary lymph node should be oval 
with a smooth, well-defined margin and a uni-
formly thin hypoechoic cortex. The echogenic 
hilum should comprise most of the lymph node 
(Fig. 5). US findings which should prompt lymph 
node biopsy due to suspicion of metastatic 
involvement include both morphological features 
and cortical thickness. Overall size of the node 
has been shown to have a very poor diagnostic 

accuracy for predicting metastasis; however, in 
some centers, the ratio of longitudinal length to 
transverse length of <2 is used as a criterion for 
biopsy (Feu et  al. 1997). When considering the 
morphological appearances of abnormal lymph 
nodes, it is helpful to consider the fashion in 
which metastatic deposits spread to the lymph 
nodes. One model suggests that tumor cells enter 
the lymph nodes through afferent lymphatics and 
are deposited in the subcapsular sinusoids, prolif-
erating in the medullary sinusoids and then into 
the efferent lymphatics. As deposits spread in the 
nodal parenchyma, they replace the normal nodal 
architecture as they proliferate (Ching et  al. 
2010). As the metastatic deposits get bigger, they 
can obliterate the normal histological features of 
large parts of the node, and then eventually 
replace the entire lymph node. Finally,  extra- nodal 
spread of the tumor into the adjacent axillary fat 
can occur, and the node is ultimately replaced by 
an irregular mass.

It is not surprising therefore that diffuse corti-
cal thickening and eccentric cortical thickening, 
or a focal cortical budge, are considered the earli-
est detectable changes (Figs. 6 and 7). It is impor-
tant to note that normal lymph nodes often have a 
lobulated shape because of concurrent constric-
tions and bulges of both the cortex and fatty 
hilum. A true abnormal cortical bulge is seen as 
focal thickening of the cortex that does not follow 
the margin of the echogenic hilum and should be 
distinctly hypoechoic (Fig. 8). Findings seen in 
cases with more advanced nodal involvement, 
such as effacement of the fatty hilum or a rounded 
hypoechoic mass, have a higher positive predic-
tive value in patients with invasive breast cancer 
(Fig.  9). Replacement of the entire node by an 
ill-defined mass is highly suspicious for malig-
nant involvement (Fig. 10). Color Doppler may 
also be useful in the assessment of abnormal 
lymph nodes, with metastatic deposits leading to 
distortion of the intranodal angioarchitecture and 
engorgement of the peripheral vascularity. This is 
hypothesized to result in non-hilar blood flow 
demonstrated at color Doppler as peripheral vas-
cular flow at the cortex of the node with no 
detectable connection to the hilum. Various 
authors have published odds ratios for biopsy cri-
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a

b

Fig. 5 (a, b) US appearances of morphologically normal lymph nodes with a uniform smooth hypoechoic cortex and 
fatty hilum

Fig. 6 Diffuse cortical thickening in a metastatic axillary 
lymph node

teria (Britton et  al. 2009a, b; Abe et  al. 2009; 
Mainiero et al. 2010), but it is important to note 
that these are not pathognomonic of malignancy 
and biopsy confirmation is required.

Diffuse cortical thickening can also be seen 
with metastatic involvement of nodes; however, 
this finding is nonspecific and is often associated 
with reactive nodes (Fig. 11). There is a signifi-
cant correlation between increasing cortical 
thickness of nodes and presence of malignancy, 
and investigators have suggested multiple cutoff 
values for cortical thickness, with inevitable 
trade-off in sensitivity and specificity (Bedi et al. 
2008; Choi et al. 2009; Saffar et al. 2015). Work 
done by Duerloo demonstrated that a diffusely 

thickened cortex of 4  mm or greater was 80% 
sensitive and 80% specific for malignancy, but if 
the cutoff was lowered to 2  mm, sensitivity 
increased to 95% but specificity dropped to 44% 
(Deurloo et  al. 2003). Submitting of a greater 
proportion of patients to biopsy to see if this 
improves sensitivity was performed by Britton 
et  al., with 87% of patients undergoing lymph 
node biopsy resulting in only a modest increment 
in sensitivity to 53% but with a substantial 
increase in biopsies. All centers will use their 
own cutoff criteria, but consideration should be 
given to the fact that the highest needle biopsy 
sensitivities will be achieved in patient groups 
with high likelihood of metastatic disease. 
Patients who present with a palpable lump, mul-
tifocal or multicentric malignancy, central can-
cers, and cancers >20 mm are more likely to have 
axillary nodal involvement than asymptomatic 
screen-detected patients with small <20  mm 
tumors.

Other techniques such as US elastography 
have shown potential for preoperative axillary 
staging in breast cancer (Taylor et  al. 2011; 
Wojcinski et al. 2012), with significantly harder 
cortex seen in metastatic lymph nodes. The high-
est sensitivity and specificity of 73% and 99.3%, 
respectively, in these studies were achieved with 
a combination of conventional US and elastogra-
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a b

Fig. 7 (a, b) US appearances of a focal cortical bulge in metastatic axillary lymph nodes

Fig. 8 Multiple cortical bulges in a metastatic axillary 
lymph node

phy, suggesting that elastography may be a useful 
adjunct to conventional US to improve diagnostic 
performance.

4  US-Guided Biopsy Technique 
of Axillary Lymph Nodes

If US evaluation of the axilla reveals a suspicious 
finding, percutaneous procedures including 
ultrasound- guided fine needle aspiration (FNA) 
or ultrasound-guided core needle biopsy (CNB) 
should be performed to substantiate clinical 
decision- making. FNA is preferred by some cen-
ters, usually using a 22–25 G needle with three 

passes and with aspirates sent to cytology. 
However, FNA is operator dependent, requires 
access to reliable cytology, and has a relatively 
high false-negative rate of 12–23% 
(Krishnamurthy et al. 2002). CNB is now widely 
used as an alternative because it has been shown 
in several studies to be more sensitive than FNA 
(90–94%), with no reported false positives and 
equivalent low rate of morbidity, with multiple 
studies reporting no significant complications 
(Rautiainen et al. 2013). The latter is of impor-
tance as concerns have been raised regarding vas-
cular or nerve damage with CNB. Although most 
SLNs are located low in the axilla in axillary fat, 
for those that are located near axillary vessels 
potential complications can be avoided by con-
tinuous US monitoring, clear operator under-
standing of axillary anatomy, and operator 
experience (Fig. 12). Furthermore, most spring- 
loaded biopsy devices offer the option of a “no- 
throw” technique, with an open bowl advanced 
through the lymph node and a cutting cannula 
then released over the open bowl, which may be 
desirable in situations with vessels located nearby 
to the targeted lymph node. Either FNA or CNB 
of the axilla provides good accuracy in this clini-
cal context, and it may be more relevant to con-
sider each center’s expertise in breast cytology or 
core needle histology in deciding on the type of 
percutaneous procedure to perform.
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Fig. 9 Enlarged 
metastatic lymph node 
with absent fatty hilum

Fig. 10 Complete replacement of metastatic lymph node 
by a hypoechoic ill-defined mass

5  Clinical Utility of Axillary US

Ultrasound and axillary core needle biopsy have 
a positive impact on the management of patients 
with breast cancer, as preoperative identification 
of axillary metastases allows the surgeon to pro-
ceed directly to full axillary lymph node dissec-

tion and avoid an unnecessary sentinel lymph 
node biopsy. A meta-analysis performed by 
Houssami estimated the clinical utility of axillary 
US and biopsy as triaging 19.8% of patients 
directly to ALND (Houssami et  al. 2011). 
However, the performance characteristics of axil-
lary US vary widely in the literature. The under-
lying prevalence of axillary metastases within the 
study population will influence results, as will 
inclusion of only patients undergoing ultrasound- 
guided biopsy as opposed to all patients undergo-
ing US imaging. In addition, criteria for 
classifying axillary lymph nodes as positive or 
negative have not been clearly defined. Three 
large meta-analyses looking at diagnostic accu-
racy report a pooled estimate for sensitivity of 
axillary US and biopsy of approximately 50% 
(Diepstraten et  al. 2014; Houssami and Turner 
2014; Van Wely et al. 2015). There is better util-
ity in women who have higher underlying nodal 
risk, e.g., larger tumors.

When considering why we are not able to 
detect more axillary nodes which are involved 
with metastatic disease, the answer is likely 
threefold. Most metastases are too small to be 
seen on conventional axillary grayscale US, 
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Fig. 11 Axillary lymph node with diffusely thickened cortex of 6 mm, which could represent either metastatic involve-
ment or a reactive node

Fig. 12 US of axillary lymph node undergoing percuta-
neous core biopsy, with the needle seen to pass through 
the cortex (arrow)

given that micrometastases at less than 2 mm will 
cause no apparent nodal morphological change. 
One in four women with a negative/normal axil-
lary US will still be proven to have axillary 
metastases at subsequent SLNB (Diepstraten 
et al. 2014). Secondly, we are only able to iden-
tify the sentinel node using US in 64–78% of 
cases (Britton et  al. 2009a, b), and finally even 

using core needle biopsy as opposed to FNA we 
are only able to sample part of the node.

More “intelligent” targeting of the SLN using 
a gamma probe, fluorescence imaging, and 
ultrasound- guided contrast agents such as micro-
bubbles has been investigated. The use of 
contrast- enhanced US (CEUS) to localize the 
SLN has shown it to be both safe and feasible. In 
comparison to traditional isotope SLNB, the sen-
sitivity of CEUS to detect the SLN correctly was 
shown in studies to be 89%. In clinically node- 
negative patients, the sensitivity of CEUS-guided 
biopsy was 61–66.7% (Sever et  al. 2012; Suvi 
et al. 2015).

However, the clinical utility of preoperative 
axillary US was called into question with the 
advent of the American College of Surgeons 
Oncology Group Z0011 trial, a large prospective 
randomized control trial in which SLNB-positive 
patients with small tumors were randomized to 
ALND versus no further surgery. They reported 
that ALND was not associated with any survival 
benefit and that both groups had an extremely 
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low regional recurrence rate (0.9% for SNB alone 
and 0.5% for ALND), confirming that ALND 
provided minimal benefit while exposing a sub-
stantial number of patients to long-term morbid-
ity, specifically lymphedema (Giuliano et  al. 
2011).

A number of concerns were raised regarding 
the trial, including a high proportion of patients 
with low burden of axillary disease, failure to 
meet accrual targets, and lack of detail on radia-
tion therapy. The POSNOC trial in the UK (Goyal 
and Dodwell 2015) is currently underway and 
designed to overcome some of the limitations of 
Z0011 with respect to patient selection and statis-
tical power.

However, the results of the Z0011 trial led to a 
significant change in surgical practice (Gainer 
et al. 2012), with the majority of surgeons in the 
USA now omitting completion ALND in patients 
who fulfill Z0011 criteria (stage T1 or T2 tumor, 
one or two positive SLNs only, undergoing breast 
conservation treatment and planned for whole- 
breast irradiation). The changing algorithm of 
axillary surgical treatment means that ultrasound- 
guided biopsy will have less utility if surgeons 
omit ALND for minimal nodal metastatic dis-
ease. Positive findings on preoperative axillary 
US and biopsy identifying nodal involvement 
would commit patients to ALND who may have 
not required this if they fulfilled Z0011 criteria.

The focus has therefore shifted from trying to 
improve identification of any nodal metastatic 
disease to discriminating between limited and 
advanced nodal disease, given that this has the 
greatest impact on patient management of the 
axilla post-Z0011. While axillary US alone is 
inadequate for excluding axillary metastases 
given its false-negative rate of 25% (Diepstraten 
et  al. 2014), preoperative negative axillary US 
can exclude 96% of stage N2 and N3 axillary 
metastases (Neal et  al. 2010; Schipper et  al. 
2013a, b). Characteristics associated with false 
negatives in this study included invasive lobular 
carcinoma, larger tumor size, and multifocality 
of the primary tumor. The prospective random-
ized controlled multicenter SOUND (Sentinel 
node versus Observation after axillary 
UltrasouND) trial is currently underway to com-

pare SLN surgery to observation when axillary 
US is negative in patients with small breast can-
cers (Gentilini and Veronesi 2012).

Conversely, when at least two abnormal lymph 
nodes are identified on axillary US, pN2 or higher 
disease is highly likely (PPV 82%) and is even 
more likely when the tumor is larger than 10 mm 
(Abe et al. 2013). A correlation between increas-
ing number of abnormal nodes identified on axil-
lary US and mean number of abnormal nodes on 
final histology has been demonstrated (Van Wely 
et al. 2015). Therefore, when multiple nodes are 
seen on US, it is unlikely that these patients will 
fulfill Z0011 criteria and have only two lymph 
nodes positive on final histology, and therefore 
these patients will still benefit from preoperative 
biopsy and triaging to ALND.

However, a more usual scenario in both symp-
tomatic and screen-detected breast cancer 
patients is the identification on axillary US of just 
one abnormal node. This poses a greater diagnos-
tic dilemma, as biopsy proving metastatic 
involvement will commit the patient to ALND 
when they may have had no more than two nodes 
in total involved. Furthermore, in the Z0011 trial, 
the patients did not require axillary imaging, and 
final nodal number was determined on SLNB. The 
question therefore arises if women who are 
detected as lymph node positive on axillary US 
are more likely to have more extensive nodal dis-
ease burden than those detected by SLNB. Studies 
by Caudle et  al. and Verheuvel et  al. compared 
node-positive patients identified by axillary US 
and needle biopsy to women with negative axil-
lary imaging found to have a positive node with 
SLNB (Caudle et al. 2014; Verheuvel et al. 2016). 
While women identified as being node positive 
by US and needle biopsy were at higher risk for 
heavy nodal disease burden, 37–52% had only 
1–2 total positive LNs and were therefore poten-
tially Z0011 “eligible.” Furthermore, while sur-
vival was expectedly worse in the needle biopsy 
cohort reported by Verheuvel et al. that presented 
with more advanced-stage disease, there was no 
difference in regional recurrence, with only one 
isolated regional relapse in each group. Other 
studies (Cools-Lartigue et  al. 2013; Schipper 
et al. 2013a, b) have demonstrated similar find-
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ings. Various authors have attempted to clarify 
the degree of “overtreatment” of patients who 
undergo routine axillary US and biopsy, with 
estimations of 38% (Farrell et  al. 2015), 47% 
(Pilewskie et al. 2016a, b), and 53% (Wallis et al. 
2017). On this basis, it is debated as to whether 
women presenting with small T1 or T2 breast 
cancer should undergo preoperative axillary 
biopsy if only one abnormal node is identified on 
axillary US and instead proceed to SLNB, with 
some centers such as Memorial Sloan Kettering 
Cancer Center abandoning all preoperative axil-
lary imaging to avoid direct triage to ALND 
(Pilewskie et al. 2016a, b).

6  Neoadjuvant Chemotherapy 
and Imaging of Axillary 
Lymph Nodes

Neoadjuvant chemotherapy (NAC) has been 
shown to be as effective as adjuvant treatment, 
and to decrease disease burden to allow less 
extensive surgery. Furthermore, it also affects 
axillary nodes achieving pathological complete 
response (pCR) in up to 40–60% of previously 
node-positive patients with new anti-Her2 thera-
pies. The extent of persistent axillary disease fol-
lowing NAC is a prognostic marker for 
locoregional recurrence and survival (Kuerer 
et al. 1999). Historically, ALND was always per-
formed after NAC, but as neoadjuvant chemo-
therapy is increasingly offered in early-stage and 
clinically node-negative breast cancer usually to 
improve breast conservation outcomes, the tim-
ing of SLNB in the setting of NAC has been a 
subject of much debate.

There are advantages and disadvantages to 
performing SLNB either prior to or post- 
NAC. The strongest argument for SLNB before 
NAC is that knowing the pathological status of 
the axilla before NAC may influence subsequent 
radiotherapy. However, several studies have sug-
gested that accurate staging after NAC is a more 
meaningful predictor of locoregional recurrence 
than accurate staging before NAC.  The main 
indication for performing SLNB after NAC is to 
take advantage of the pCR resulting in more con-

servative axillary surgery. However, the concern 
has been whether performing SLNB post-NAC 
results in an unacceptably high false-negative 
rate (FNR). Various studies have documented the 
FNR to be higher than the generally accepted 
10% cutoff (Fu et  al. 2014). Three prospective 
studies ACOSOG Z0171, SENTINA, and SN 
FNAC (Boughey et al. 2013; Kuehn et al. 2013; 
Boileau et al. 2015) aimed to address this issue, 
and the conclusions were that by using dual- 
tracer mapping and immunohistochemistry and 
removing ≥3 SLNs at surgery, the FNR could be 
lowered to less than 10%. Importantly for radi-
ologists, it has also been shown that post-NAC 
assessment of the axilla with US can lower the 
FNR.  A secondary analysis of Z1071 trial 
assessed axillary US as a selection criterion to 
stratify women for risk of residual axillary 
involvement following NAC, with the goal of 
identifying those who could be safely spared a 
full ALND in the setting of negative SLNB. An 
abnormal axillary US after neoadjuvant chemo-
therapy was also associated with more positive 
nodes (75.4%) compared with patients with a 
normal axillary US (63.9%). A key point is that if 
combined, normal axillary US following NAC 
and SLNB had a FNR of 9.8%, under the 10% 
threshold for clinical care (Boughey et al. 2015).

Also of importance to radiologists is that pre-
operative clip placement in the positive axillary 
node at the time of US-guided biopsy, allowing 
documentation of its excision at the SLNB proce-
dure, also results in reduced FNR.  The MD 
Anderson researchers developed targeted axillary 
dissection (TAD), which includes placing a clip 
at the time of the axillary node biopsy, and after 
NAC and before surgery a I125 seed was placed in 
the clip node to guide the surgical excision of this 
node. Initial reports show that the seeds do not 
interfere with the radioisotope for the axillary 
surgery, and in 80% the node that had the clip 
was the SLN (Caudle et al. 2015). Other groups 
have tried other techniques for marking and 
removing the axillary nodes, including wire 
placement and black carbon tattooing (Choy 
et al. 2015). With more patients undergoing NAC 
for breast cancer and improvements in pCR, there 
is increasing importance of research to improve 
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prediction of pCR and to determine which 
patients can feasibly be spared ALND and its 
associated morbidity.

7  Multimodality Imaging 
of Axillary Lymph Nodes

While US is the most widely used technique for 
the assessment of axillary lymph nodes given its 
high specificity and ease of use, given the shift 
towards less aggressive management of the axilla, 
imaging techniques that may have sufficient neg-
ative predictive value to omit surgical staging of 
the axilla by SLNB have been investigated. 
Breast MRI, as well as CT and whole-body PET/
CT, is often obtained in newly diagnosed breast 
cancer patients for clinical staging and can be 
used to provide regional nodal staging 
information.

Breast MRI often includes the axillary region 
in the field of view (FOV), with the additional 
benefit that both axillae can be compared easily 
(Fig. 13). However, examination of the axillary 
region is technically challenging since respira-
tory motion can cause artifacts from the adjacent 

thoracic wall, and pulsation artifact from the 
heart may obscure the axillary region due to the 
phase-encoding direction often being from left to 
right (Hieken et al. 2013). The use of additional 
coils to the standard breast MRI coil or perform-
ing a separate dedicated axillary MRI can over-
come this (Baltzer et  al. 2011; Schipper et  al. 
2013a, b). Although this requires an additional 
MRI examination, it does have the advantage of 
facilitating the use of a dedicated lymph node 
contrast agent, for example gadofosveset or 
ultrasmall superparamagnetic iron oxide 
(USPIO).

On MRI, the nodal cortex demonstrates 
decreased signal intensity with T1W and inter-
mediate to increased signal with T2W (Fig. 14). 
Usually at least one nonfat-sat sequence is per-
formed where the hilar fat is shown to demon-
strate increased signal. As with US, features that 
are seen with metastatic involvement of lymph 
nodes include cortical irregularity, loss of fatty 
hilum, and round shape (Luciani et  al. 2004) 
(Fig. 15). Similar to US, a short-axis threshold of 
4 mm yielded the best predictive value for meta-
static nodal involvement with a sensitivity and 
specificity of 78.6% and 62.3%, respectively 
(Luciani et al. 2004). Two MRI-specific imaging 
features that have been reported to have potential 
diagnostic utility are perifocal edema, presence 
of areas with marked T2 prolongation in the fat 
surrounding a lymph node (Baltzer et al. 2011), 
and comet-tail sign, an imaging finding first 
described in breast lesions and hypothesized to 
represent infiltration or angiogenesis (Arslan 
et al. 2016).

Regarding the addition of diffusion-weighted 
imaging, while some authors have demonstrated 
high reproducibility and reliability of measure-
ments of ADCs and shown metastatic nodes to 
have mean ADC lower than that of benign nodes 
(Fornasa et al. 2012), DWI has not yet convinc-
ingly been shown to improve diagnostic perfor-
mance (Scaranelo et  al. 2012; Schipper et  al. 
2015).

Lymph nodes enhance rapidly on dynamic 
enhanced contrast sequences, and a type 3 curve 
is usually seen and is not useful for predicting 
metastatic involvement (Fig. 16). However, nodes 

a

b

Fig. 13 (a) Axial T2W breast MRI demonstrating mor-
phologically abnormal enlarged right axillary node 
(arrow). This is also clearly demonstrated on the coronal 
view (b)
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a b

Fig. 14 Axial T1w (a) and T2W (b) breast MRI demonstrating decreased signal intensity of abnormal right-sided axil-
lary node on T1W imaging and intermediate signal on T2W imaging

Fig. 15 T1W fat-sat post-IV gadolinium breast MRI 
demonstrating an enhancing enlarged and irregular left- 
sided axillary lymph node (arrow) with metastatic 
involvement

with less intense enhancement have been shown 
to have a high negative predictive value for meta-
static involvement (Murray et  al. 2002). The 
presence of rim enhancement, defined as signal 
intensity that is higher at the periphery of a node 
than at its center on DCE MR images at delayed 
imaging, has also been reported to have a high 
positive predictive value for the detection of 
metastases (Baltzer et al. 2011).

Diagnostic performance of unenhanced axil-
lary MR imaging for nodal staging in patients 
with breast cancer has shown a negative predic-
tive value (NPV) of 86–91% (Scaranelo et  al. 
2012; Schipper et  al. 2015). As the NPV of 
enhanced MRI is not close enough to that of 
SLNB to substitute, lymph node-specific contrast 
agents have been investigated to improve the 
diagnostic performance of MRI.

After intravenous injection of superparamag-
netic iron oxide USPIO, normal nodes accumu-
late iron-containing nanoparticles, which reduce 
the nodal signal due to susceptibility effects, 
while metastatic nodes that do not accumulate 
the nanoparticles maintain a high signal intensity 
in T2- or T2*-weighted images. USPIO-enhanced 
MRI has shown superior sensitivity compared to 
normal MRI (Will et al. 2006) and high diagnos-
tic accuracy for identifying axillary lymph node 
metastases in patients with early-stage breast 
cancer. However, this conclusion is based on lim-
ited articles, and additional studies are required 
to further validate these findings.

18F-fluoro-2-deoxy-d-glucose (FDG) 
positron- emission tomography/computed tomog-
raphy (PET/CT) has proven useful in the evalua-
tion of distant metastatic disease. Despite lower 
sensitivity, specificity of PET/CT in the detection 
of lymph node metastases is high, ranging from 
95% to 100%. Lymph node morphology as well 
as increased FDG avidity can be assessed on 
PET/CT.  Previous authors have reported high 
specificity for metastasis for all visually FDG- 
avid lymph nodes, and it can be used to identify 
internal mammary chain and supraclavicular 
metastases, which may be incompletely included 
or difficult to evaluate by MRI (Aukema et  al. 
2010) (Fig. 17).

A pitfall of PET/CT is its relatively high false- 
negative rate due to its inability to detect small 
metastatic deposits (Challa et  al. 2013). While 
comparisons of diagnostic performance of MRI 
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a b

Fig. 16 (a, b) T1W fat-sat post-IV gadolinium breast 
MRI demonstrating an enhancing left-sided axillary 
lymph node (arrow) with a type 3 curve. The abnormal 

enlarged morphology of the lymph node indicates suspi-
cion for metastatic involvement, rather than enhancement 
curve

Fig. 17 FDG PET/CT demonstrating tracer uptake 
within the right internal mammary region (arrow) in a 
metastatic node. No morphologic abnormality was appre-
ciated on conventional CT

versus PET/CT have suggested that MRI has a 
higher sensitivity than PET/CT for axillary 
lymph node metastatic diagnosis (Liang et  al. 
2017), it is possible that a combination of USPIO- 
enhanced MRI and FDG PET may provide high 
enough sensitivity, specificity, PPV, and NPV to 
be clinically useful in identifying patients who 
should undergo direct ALND.

8  Summary

The movement to reduce surgical treatment of 
the axilla in breast cancer patients is continuing. 
It is now established that ALND is overtreatment 
in a significant subset of patients with early breast 
cancer. As surgical staging of the axilla continues 
to evolve, so too must the role of axillary imag-

ing. While there are significant limitations to US 
assessment of the axilla, it is important to remem-
ber that axillary US and biopsy have the ideal 
characteristics of an accurate triage test in axil-
lary staging given its consistently high specificity 
and PPV, as well as its ease of use. Advances in 
ultrasound technology and newer generation 
microbubble agents may potentially allow 
improved accuracy in the preoperative axillary 
staging setting and may identify patients who are 
likely to have no or limited axillary disease and 
therefore be spared ALND and potentially any 
surgical intervention. Implementation of param-
eters from imaging techniques and tumor biology 
into nomograms predicting the probability of 
lymph node metastasis is another approach to 
improve preoperative assessment (Qiu et  al. 
2016). This, along with the accurate identifica-
tion of axillary status after NAC, remains the 
great challenge for axillary imaging and patient 
care, and where future research should be 
directed.
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Abstract

The term ductal carcinoma in situ (DCIS) 
indicates a heterogeneous spectrum of disease 
with different prognosis and behavior. In most 
of the cases, DCIS is diagnosed in asymptom-
atic women during screening, though in some 
cases women might present with nipple dis-
charge or a palpable mass. Typically, DCIS 
presents on mammography as microcalcifica-
tions with or without an associated mass or 
architectural distortion. Digital breast tomo-
synthesis has limited additional value for the 
evaluation of microcalcifications, but it can 
help in the identification and characterization 
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of the concomitant soft-tissue modifications. 
DCIS is rarely primarily detected on ultra-
sound, though in some cases it might present 
as mass or with ductal abnormalities. Contrast- 
enhanced magnetic resonance imaging (MRI) 
is playing an increasingly relevant role in the 
diagnosis and management of DCIS. MRI has 
a higher sensitivity than mammography for 
DCIS, as it is able to identify also noncalcified 
lesions, and can more accurately assess the 
extent of disease. Whether this same role 
could be true for contrast-enhanced mammog-
raphy as well is not yet established.

1  Background

Ductal carcinoma in situ (DCIS) is defined as a 
neoplastic deregulation of epithelial cell prolif-
eration within the breast ducts, typically affecting 
the whole terminal ductolobular unit. It does not 
permeate the basal membrane and is thus nonin-
vasive (or in situ) (Ellis 2010). While many 
authors still consider DCIS as a precursor lesion 
in the development of invasive carcinoma, others 
have suggested that DCIS may have a direct pos-
sibility to progress and metastasize. This theory 
is supported by the evidence of DCIS-related 
breast cancer mortality and of a lacking statistical 
connection between successful local treatment—
to avoid local recurrence—and mortality in case 
of primary DCIS (Ellis 2010; Barrio and Van Zee 
2017; Narod and Sopik 2018; Thompson et  al. 
2018).

As all neoplastic lesions, DCIS represents a 
heterogeneous spectrum of disease. While some 
DCIS can progress and even cause death, others 
will never progress into a clinically manifest dis-
ease. In autopsy studies on women who died of 
other reasons than breast cancer, the prevalence 
of undiagnosed DCIS has been reported as being 
around 8.9% (0–14.7%) while the rate of previ-
ously undiagnosed invasive cancer was 1.3% 
(0–1.8%) (Duffy et al. 2003; Erbas et al. 2006). 
Studies on initially misdiagnosed DCIS suggest 
that 14–53% may progress to invasive breast can-
cer within 10–15  years (Erbas et  al. 2006). In 

addition, 3% of all DCIS present with lymph 
node metastasis at diagnosis, and 1.5–22.5% of 
all DCIS will recur with an invasive component, 
though recurrence was also found to be corre-
lated with resection margins (Narod and Sopik 
2018). The risk of a DCIS progressing in an 
aggressive disease seems to be related to its 
grade, with high-grade tumors being associated 
with a worse prognosis (Buerger et  al. 1999; 
Simpson et al. 2005). According to some authors, 
the more aggressive forms of DCIS are also char-
acterized by multiple localization in the same 
lobe as well as aberrant branching and lobulariza-
tion, defined as neoductgenesis (Tot 2005; Zhou 
et al. 2014). The identification of these patterns at 
imaging and pathology should help distinguish 
cancer aggressiveness and tailor therapy 
accordingly.

2  Diagnosis of DCIS

Imaging has played a central role in the under-
standing and management of DCIS. The diagno-
sis of DCIS increased significantly with the 
introduction of breast cancer screening programs, 
and about 20% of all cancers diagnosed when 
screening with mammography are DCIS (Duffy 
et al. 2005; Virnig et al. 2010; Siegel et al. 2018). 
In the majority of the cases, DCIS is asymptom-
atic but in approximately 20% of DCIS cases, 
patients may present with nipple discharge or a 
palpable lesion (Schouten van der Velden et  al. 
2006). As a majority of DCIS presents with 
microcalcifications, mammography plays a cen-
tral role in the diagnosis of this entity (Virnig 
et al. 2010). With the improvement of ultrasound 
(US) technology, it became evident that some 
lesions present with associated soft-tissue altera-
tions that can be detected by using US (Gwak 
et al. 2011; Jin et al. 2015). The introduction of 
contrast-enhanced magnetic resonance imaging 
(MRI) led to new insights into DCIS, in particu-
lar revealing that at least 10% and up to 40% of 
DCIS do not present with or as mammographic 
microcalcifications (Stomper et  al. 1989; Kuhl 
et al. 2007), and that the identification of hyper-
vascularization rather than microcalcifications 
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could help guiding the management of these 
lesions (Esserman et al. 2006; Kuhl et al. 2007).

2.1  Mammography and Digital 
Breast Tomosynthesis

The detection of microcalcifications and, conse-
quently, the diagnosis of DCIS increased with the 
spread of screening programs for breast cancer 
and also with the transition from screen-film to 
digital mammography. Improvements in image 
quality led to an increase in cancer detection 
through better visualization of smaller calcifica-
tion clusters (Pisano et al. 2005; Bluekens et al. 
2012; Luiten et  al. 2017). Currently, approxi-
mately 42–72% of DCIS are initially diagnosed 
as asymptomatic microcalcifications visible on 
mammography. DCIS is detected in approxi-
mately 1.5 per 1000 women screened and 
accounts for 20–25% of cancers detected at 
screening (Duffy et al. 2003; Luiten et al. 2017; 
Siegel et al. 2018). However, about one-third of 
all lesions detected by mammography are micro-
calcifications: thus, microcalcifications are a 
rather common finding, but not necessarily asso-
ciated with breast cancer (Wilkinson et al. 2017).

To stratify the risk of malignancy in these 
lesions, the Breast Imaging-Reporting And Data 
System (BI-RADS) committee of the American 
College of Radiology (ACR) has suggested 
semantic descriptors that define morphology and 
distribution of mammographic microcalcifica-
tions and assist in risk stratification (D’Orsi et al. 
2013).

The most characteristic features of DCIS on 
mammography are fine microcalcifications with 
linear, linear-branching, or pleomorphic mor-
phology and a linear or segmental distribution 
(Fig. 1). Approximately 80–100% of microcalci-
fications presenting with these characteristics are 
associated with malignancy (Liberman et  al. 
1998; Kim et al. 2015). The fine linear microcal-
cifications in DCIS are usually thin, irregular, 
and discontinuous (D’Orsi 2010). DCIS can also 
appear as amorphous or coarse heterogeneous 
microcalcifications. Amorphous calcifications 
(Fig.  2) are hazy and less conspicuous in com-

parison to pleomorphic and coarse heterogeneous 
(D’Orsi 2010; D’Orsi et al. 2013) and might rep-
resent DCIS in up to 20% of the cases (Berg et al. 
2001; Kim et  al. 2015). Coarse heterogeneous 
microcalcifications are larger than amorphous 
and pleomorphic microcalcifications (Fig. 3) and 
are associated with malignancy in 12–20% of the 
cases (Bent et al. 2010; Kim et al. 2015, 2018). 
DCIS usually does not present with a diffuse dis-
tribution, but it can be characterized by a regional 
or clustered/grouped distribution. In these cases, 
the positive predictive value ranges between 8% 
and 15% (Bent et  al. 2010; Kim et  al. 2015, 
2018).

While BI-RADS features indeed help stratify-
ing the risk of underlying breast cancer, a meta- 
analysis has highlighted one major issue: there is 
practically no combination of BI-RADS features 
that does not exceed BI-RADS 3 benchmarks 
(Rominger et al. 2012). This implies that formally 
the vast majority of microcalcifications would 
require invasive workup, leading to a large amount 
of unnecessary biopsies for benign microcalcifi-
cations. Besides adverse effects of the minimal 
invasive biopsy procedure, the stereotactic biopsy 
procedure is technically demanding and expen-
sive. Therefore, various alternatives have been 
proposed to manage suspicious microcalcifica-
tions classified as BI-RADS 3 and 4a. The option 

Fig. 1 Postmenopausal asymptomatic woman presenting 
with pleomorphic microcalcifications. Stereotactic 
vacuum- assisted breast biopsy revealed DCIS, G2, Her2/
neu positive
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Fig. 2 Perimenopausal asymptomatic woman presenting with amorphous microcalcifications. Stereotactic vacuum- 
assisted breast biopsy revealed DCIS, G2, Her2/neu positive

of offering short-term follow-up is probably least 
favorable, as DCIS lesions may remain stable 
over years and unchanged imaging appearance 
does not exclude breast cancer (Coleman 2019). 
Additional tests, such as breast magnetic reso-
nance imaging (MRI), can identify associated 
suspicious enhancement with a very high accu-
racy (see Sect. 2.3). The large-scale feasibility and 
cost-effectiveness of additional breast MRI exam-
inations in this setting, though, remain unproven.

The role of digital breast tomosynthesis (DBT) 
for the diagnosis of DCIS is also limited. The 
majority of the studies showed that DBT 
increased the detection rate of invasive cancers, 
but not that of DCIS (Gilbert et al. 2015; Caumo 
et  al. 2018; Skaane et  al. 2019). This can be 
clearly explained by the technical characteristics 
of DBT: the reconstruction of quasi-3D images 

on the two mammographic views improves soft- 
tissue evaluation but does not add relevant infor-
mation on the distribution or characteristics of 
microcalcifications. On the contrary, it might hin-
der the detection of small clusters of microcalci-
fications, though most studies agree that the 
performance of DBT and mammography to diag-
nose microcalcifications is comparable (Kopans 
et  al. 2011; Clauser et  al. 2015; Tagliafico and 
Houssami 2015). DBT can be helpful in detect-
ing additional signs suggestive of malignancy, as 
the intraductal location of microcalcifications or 
the association with masses or architectural dis-
tortions, which might indicate the presence of 
associated invasive disease. DBT can also 
improve the detection of noncalcified DCIS and 
the evaluation of lesion extent (Fig.  4) (Berger 
et al. 2016; Su et al. 2017).
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Fig. 3 Premenopausal asymptomatic woman presenting with coarse heterogeneous microcalcifications. Stereotactic 
vacuum-assisted breast biopsy revealed DCIS, G1, luminal A type

Synthetic mammography images, recon-
structed from the DBT dataset, have been intro-
duced as a method to avoid the increase in 
radiation dose due to the double acquisition of 
mammography and DBT. While the first studies 
indicated comparable results when using syn-
thetic or digital mammography (Skaane et  al. 
2014; Bernardi et al. 2016; Clauser et al. 2016), 
further analyses suggested that the use of syn-
thetic mammography does not provide the diag-
nostic performance achievable with combined 
mammography and DBT in screening (Caumo 
et  al. 2017; Hofvind et  al. 2019). In addition, 
microcalcifications might not be optimally visu-

alized on synthetic mammography, and image 
characteristics vary between vendors (Nelson 
et al. 2016; Baldelli et al. 2018). Until more evi-
dence is available, digital mammography 
remains the preferred examination technique to 
evaluate microcalcifications (Bae and Moon 
2018).

2.2  Ultrasound

As DCIS usually presents with microcalcifica-
tions, the initial diagnosis of DCIS rarely occurs 
when using ultrasound.
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Fig. 4 Perimenopausal asymptomatic woman with a mammography detected mass (a). (b) The additional DBT identi-
fied the extensive associated architectural distortion, corresponding to DCIS, G2

If DCIS is visible on US, more than 50% of 
the findings appear as a hypoechoic mass lesion 
with indistinct margins, alone or with associ-
ated US-visible microcalcifications (Fig.  5). 
Other less common features, detected in 
10–20% of the cases, can be microcalcifica-
tions alone or ductal abnormalities, in particu-
lar the identification of intraductal 

hypervascularized lesions, with or without 
microcalcifications (Londero et  al. 2007; 
Scoggins et  al. 2015). The presence of an 
US-visible lesion, as opposed to DCIS visible 
on mammography only, seems to be associated 
with a worse prognosis (Yoon et al. 2019).

Ultrasound can serve as image guidance for 
biopsy, when the lesion can be detected.
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Fig. 5 Postmenopausal asymptomatic woman presenting 
with extensive pleomorphic microcalcifications on mam-
mography (a). US (b) demonstrates an intraductal 

hypoechoic lesion (dashed margins) with evident hyper-
echoic calcifications. US-guided core needle biopsy 
revealed a calcified DCIS, G3

2.3  Contrast-Enhanced Breast 
Magnetic Resonance Imaging 
and Contrast-Enhanced 
Mammography

Breast MRI cannot directly visualize mammo-
graphic microcalcifications, but it is able to 
detect contrast enhancement associated with 
tumor growth and likely depict biologically 
active breast cancer (Kuhl 2009). Breast cancer 
growth leads to an increasing demand of nutri-
ents that cannot be met by diffusion alone. The 
resulting lack of nutrients, including oxygen, 
leads to a hypoxia-induced and cytokine-medi-
ated neovascularization, referred to as the 
angiogenetic switch. Consequently, biologi-
cally active neoplastic lesions enhance starting 
from about 2 to 3  mm in size (Jansen et  al. 
2009). Despite a regularly encountered opinion, 
this process not only is present in invasive can-
cer, but also affects all kinds of neoplastic 
growth including DCIS, lesions of uncertain 
malignant potential, and benign proliferations 
as well as inflammations. Consequently, a bio-
logically active DCIS should present with con-
trast enhancement, whereas the absence of 
enhancement should allow to largely exclude 

an active neoplasm in case of mammographic 
microcalcifications.

MRI has been investigated by several studies 
as an additional examination technique to differ-
entiate benign from malignant microcalcifica-
tions and avoid unnecessary biopsies. A 
meta-analysis investigating the use of contrast- 
enhanced breast MRI to diagnose malignancy in 
lesions presenting as mammographic microcalci-
fications reported a general negative predictive 
value of 90%, which increased to 99% when con-
sidering only the performance of breast MRI to 
exclude invasive cancers (Bennani-Baiti and 
Baltzer 2016; Baltzer et  al. 2018). Despite the 
high negative predictive value, the best diagnos-
tic criteria for the detection of malignancy in case 
of microcalcifications are still unclear. While the 
differentiation between presence and absence of 
enhancement may be the best predictor to exclude 
malignancy, its application would potentially 
yield a high rate of false-positive findings. 
Encouraging results regarding the application of 
the Kaiser score in lesions presenting as mam-
mographic microcalcifications have recently 
been published (Wengert et al. 2019).

Diagnosis of malignancy, however, is not the 
only use of breast MRI in case of a diagnosed or 
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suspected DCIS.  MRI can be able to better 
depict the extent of disease, particularly in 
women with dense breast parenchyma. In addi-
tion, it can better evaluate the involvement of 
the nipple as well as the distance from the skin, 
and thus help in pre-surgical planning 
(Balleyguier et al. 2019; Preibsch et al. 2019). 
The imaging characteristics of DCIS can be 
subtle, and a certain level of expertise for image 
interpretation and accurate preoperative evalua-
tion is needed (Dietzel et  al. 2017; Lam et  al. 
2019).

In the majority of the cases, DCIS presents as 
a non-mass enhancement (60–80%). The detec-
tion of a mass lesion is less frequent for pure 

DCIS lesions and can be seen in 14–40% of the 
cases. In less than 10% of the cases, DCIS pres-
ents at breast MRI as a focus (Greenwood et al. 
2013; Dietzel et al. 2017).

When presenting as non-mass enhancement, 
DCIS is typically characterized by a linear or 
segmental distribution. The internal enhancement 
is usually heterogeneous or clumped: in particu-
lar in advanced cases, the more specific clustered 
ring pattern can be seen (Fig. 6).

The imaging characteristics of DCIS present-
ing as mass are variable but fulfill the criteria of 
malignancy (as given in Dietzel and Baltzer 
2018): typically, the lesion presents with non- 
circumscribed margins and oval or round shape 

a b

c d

Fig. 6 Premenopausal asymptomatic woman with 
screen-detected parenchymal asymmetry and without 
definite lesion at US. Contrast-enhanced breast MRI (a: 
early enhanced, b: late enhanced, c: T2w-TSE, d: ADC 
map derived from diffusion-weighted-imaging) shows an 
early and distinct enhancement (a) with washout (loss of 

signal) in the late phase (b). The internal morphology of 
this non-mass enhancement is “clustered ring,” a finding 
specific for DCIS.  Note that both lesions correlated on 
T2w (c) and the ADC map (d) are hypointense, hinting at 
a biologically more aggressive lesion. Histology revealed 
DCIS G3, Her2/neu positive
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Fig. 7 Perimenopausal woman presenting with a new 
palpable lesion in the retroareolar region of the right 
breast. Contrast-enhanced breast MRI (a: early enhanced, 
b: late enhanced, c: T2w-STIR, d: ADC map derived from 
diffusion-weighted-imaging) shows a mass lesion 
(arrows) with non-circumscribed margins, washout in the 

late phase, and heterogeneous internal enhancement. 
STIR image shows high signal intensity (c), while the 
ADC map shows a low signal intensity (dashed arrows). 
US-guided core needle biopsy revealed a noncalcified 
DCIS, G1, luminal A type

(Fig. 7). Irregular masses with spiculated margins 
have also been described in the literature 
(Greenwood et al. 2013; Dietzel et al. 2017).

Not many studies evaluated the role of 
contrast- enhanced digital mammography 
(CEDM) for DCIS.  As microcalcifications are 
clearly visible on CEDM, the additional value of 
CEDM compared to MRI could be the concomi-
tant evaluation of both microcalcifications and 
associated contrast.

To date, only one small study analyzed the 
usefulness of CEDM for DCIS.  The authors 
showed that not all pure DCIS showed a detect-
able enhancement on CEDM, while enhance-
ment could be identified in lesions with 
microinvasion (Vignoli et  al. 2019). The future 
adoption of CEDM in clinical practice, however, 
will largely depend on its ability to detect subtle 
lesions such as DCIS in order to match the supe-
rior sensitivity of MRI (Baltzer et al. 2017).
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3  Comparative Sensitivity 
of Mammography and MRI

A number of studies have compared the sensitiv-
ity of mammography with that of MRI.  Both 
methods can claim an advantage over the other: 
while MRI cannot visualize microcalcifications, 
mammography does not provide functional infor-
mation. Advocators of MRI regularly point out 
that the functional information on tissue vascu-
larization would rather detect biologically 
aggressive high-risk DCIS while mammography 
inherently tends to diagnose less aggressive, 
probably even biologically insignificant disease 
(Kuhl et al. 2007; Kuhl 2009). While it seems to 
be true that MRI has a higher sensitivity for 
detection of DCIS than mammography (Fig. 8), 
results are somewhat controversial as some stud-
ies report a higher sensitivity for DCIS using 
mammography as compared to MRI. A definite 
bias towards mammography-detected DCIS may 
be assumed as only mammography is used in 
national screening programs for imaging-based 
secondary prevention. This assumption is con-
firmed by the higher absolute and relative rates of 
DCIS in mammography-screened populations. 
While a negative contrast-enhanced MRI scan 
can indeed largely rule out (invasive) breast can-
cer, the hypothesis that only low-grade and low- 

risk DCIS are missed by breast MRI is not backed 
up by the current empirical evidence (Facius 
et al. 2007; Kuhl et al. 2007; Vag et al. 2008).

4  Risk Stratification in DCIS

When DCIS is diagnosed, two main factors have 
to be taken into consideration: the risk for this 
lesion to be high grade and thus associated with a 
worse prognosis, and the risk for this lesion to be 
associated with invasive cancer, requiring a more 
aggressive therapy including axillary lymph node 
sampling.

Mammography is of limited use in differenti-
ating low- from high-grade lesions. Some studies 
suggested that DCIS presenting as linear- 
branching and casting-type calcifications as well 
as with an associated mass and larger lesion size 
are more often high-grade tumors (Dinkel et al. 
2000; Barreau et  al. 2005; Zhou et  al. 2017). 
However, all these scarce reports showed a large 
overlap between lesion characteristics and grade, 
suggesting a limited role of mammography in 
this respect.

MRI seems to be the best tool for both detec-
tion of high-grade DCIS and identification of pre-
viously missed invasive cancers associated with 
DCIS lesions. Low-grade, estrogen receptor- 

Fig. 8 Comparative sensitivity of mammography and 
contrast-enhanced MRI taken from a random sample of 
the available literature. The black rectangles correspond 
to single-study sensitivity estimates, while the black lines 

denote the 95% confidence intervals of these findings. The 
yellow diamonds represent pooled (random effects model) 
subgroup estimates with their 95% confidence intervals
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positive tumors more often present as focal 
enhancement, while high-grade, estrogen 
receptor- negative tumors are usually larger in size 
and present with a clumped, segmental enhance-
ment (Esserman et  al. 2006). In addition, low-
grade lesions more often lack enhancement on 
MRI (Facius et  al. 2007; Kuhl et  al. 2007; Vag 
et al. 2008), though this is not a robust predictor 
(see Fig. 7). Some authors investigated the use of 
diffusion-weighted imaging (DWI) and peak 
enhancement to distinguish low- from high-grade 
tumors. High-grade DCIS is characterized by 
lower apparent diffusion coefficient (DWI) value 
and higher peak initial enhancement (Iima et al. 
2011; Rahbar et al. 2012). If FDG PET might also 
play a role in identifying DCIS with a worse prog-
nosis by identifying an increased uptake of radio-
active labeled glucose as suggested by preliminary 
evidence is yet unclear (Graña-López et al. 2019).

Mammography and ultrasound can play a role 
in diagnosing the presence of an invasive compo-
nent after a histological diagnosis of DCIS.  The 
presence of a mass, architectural distortion, or focal 
asymmetry should always raise the suspicion of an 
associated invasive component (Sim et al. 2015). In 
addition, the presence of a palpable mass and a 
large diameter and the presence of BI-RADS 5 
characteristics at imaging can indicate the presence 
of an invasive component. In these cases, the use of 
a larger needle or the acquisition of more samples 
at biopsy might be indicated to ensure a correct 
diagnosis (Schulz et al. 2013; Hogue et al. 2014).

Elastography has also been proposed as a 
method to identify DCIS at higher risk of being 
associated with an invasive carcinoma. The size 
of the US finding and an increased stiffness have 
been associated with an increased risk of an asso-
ciated invasive carcinoma, but the published 
results are rather heterogeneous (Evans et  al. 
2016; Bae et al. 2017; Shin et al. 2019). Currently, 
while US may suggest the presence of an invasive 
component, it is not possible to reliably distin-
guish DCIS from invasive breast cancer based on 
mammography and ultrasound (Londero et  al. 
2007; Scoggins et al. 2015; Shin et al. 2019).

In addition to a superior lesion extent mapping 
during preoperative evaluation, MRI can also sug-
gest the presence of an invasive component associ-

ated with DCIS. The presence of a spiculated mass 
as opposed to non-mass enhancement only, the size 
of the lesion, and a presence of a heterogeneous 
enhancement in a non-mass lesion are all factors 
associated with a higher percentage of an associated 
invasive component (Hahn et  al. 2013; Lee et  al. 
2016; Lamb et al. 2019). In addition, DWI may play 
a role in this setting: despite an inter-study variabil-
ity in ADC values, the presence of an invasive breast 
cancer component is associated with significantly 
lower ADC values (Bickel et al. 2015).

5  Preoperative 
and Intraoperative 
Management of DCIS

Chemotherapy and hormonal therapy currently 
have no role in the preoperative management of 
DCIS (NICE 2018; Morrow et al. 2016; Ditsch 
et al. 2019), and after diagnosis and evaluation of 
the extension of disease (Kandel et al. 2020), sur-
gery is performed.

In case with larger area of microcalcifications 
or enhancement, extending for more than one 
quadrant, mastectomy is generally indicated 
(Sakorafas and Farley 2003). Mastectomy should 
also be preferred in patients with multiple tumors 
and persistent positive margins after re-excision 
and in all the cases in which irradiation after sur-
gery is contraindicated (Sakorafas and Farley 
2003). For the cases in which breast-conserving 
surgery (BCS) with or without radiation therapy 
is feasible, a precise localization of the malignant 
area is mandatory prior to surgery.

Three methods are mostly used for the preop-
erative localization of DCIS (Chan et al. 2015):

• Wire-guided localization
• Radioactive seed localization (RSL)
• Radioguided occult lesion localization 

(ROLL)

Depending on the localization and the exten-
sion of the tumor, one or more wires can be 
placed, to ensure a complete resection of the 
tumor with sufficient free margins to reduce the 
risk of recurrence (Mannu et al. 2020).
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Both wire localization and localization meth-
ods with radioactive tracers showed a high accu-
racy (Chan et al. 2015), and the choice of how to 
perform the preoperative localization is currently 
mostly guided by surgeons and radiologists’ 
expertise and preferences (Niinikoski et al. 2019; 
Agahozo et al. 2020).

The intraoperative evaluation of the resection 
margins is advised in order to reduce the num-
ber of reoperations (Harness et  al. 2014). The 
intraoperative histological evaluation of the sur-
gical margins seems to be the most effective 
technique to evaluate margin status (Laws et al. 
2016). In DCIS presenting with microcalcifica-
tions, the evaluation of the surgical specimen 

with mammography can help determining the 
complete excision of the malignant lesion. In 
the last years, the classical mammography of the 
surgical specimen has been progressively sub-
stituted with remote intraoperative specimen 
mammography, performed in the surgical block 
instead of the radiology unit, thus saving time 
and facilitating the procedure and communica-
tion between radiologists and surgeons 
(Mariscotti et  al. 2020) (Fig.  9). In addition, 
digital breast tomosynthesis systems have been 
implemented for intraoperative specimen imag-
ing, which improves the evaluation of soft tis-
sues and the overall accuracy of the specimen 
evaluation (Garlaschi et al. 2019).

a c

b

Fig. 9 Postmenopausal asymptomatic woman with a 
high-grade ductal carcinoma in situ. A preoperative ste-
reotactic guided wire localization was performed. Three 
hook wires were used to precisely circumscribe the area 
with microcalcifications (a, craniocaudal control mam-

mography). Mammography (b) and DBT (c) of the surgi-
cal specimen were performed, which showed close 
margins in the anterior margin of the specimen (arrow in 
b and c). This finding was confirmed at the histological 
evaluation
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6  Conclusion

In conclusion, imaging plays a major role in the 
diagnosis of DCIS, a non-obligate precursor 
lesion to invasive DCIS. Currently, digital mam-
mography remains the most important imaging 
method in diagnosing DCIS due to its implemen-
tation in national screening programs and its abil-
ity to detect microcalcifications as an imaging 
hallmark of DCIS. However, its lack of specific-
ity causes problems: diagnosis of microcalcifica-
tions requiring unnecessary invasive and 
expensive biopsies that ultimately turn out as 
benign and diagnosis of biologically irrelevant 
disease that will never progress into invasive 
breast cancer. Further imaging tests have been 
investigated to resolve this issue with varying 
success: while the use of additional breast MRI 
can largely exclude breast cancer in general and 
specifically invasive breast cancer with very high 
NPVs and may thus obviate the need for biopsies 
of mammographic microcalcifications, the ability 
of different modalities to distinguish biologically 
aggressive from less aggressive DCIS is—though 
encouraging results have been published in par-
ticular for diagnosing invasive breast cancer 
associated with DCIS—less well explored.
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Abstract

The BI-RADS lexicon classifies cystic breast 
lesions as simple cysts, complicated cysts, and 
complex cystic and solid lesions. In addition, 
the role of clustered microcysts will be 
described. Different types of cystic lesions 
reflect different underlying pathologies, prob-
abilities of malignancy, as well as manage-

ment recommendations. This chapter 
summarizes the pathophysiology behind the 
development, imaging findings, management 
recommendations, and differential diagnosis 
of the different types of cystic breast lesions.

1  Introduction: About 
the Nature of Cystic Lesions 
of the Breast

Cystic lesions represent the most common breast 
pathology. A prevalence between 50% and 90% 
is estimated (Rinaldi et al. 2010). Several studies 
have tried to explore a potential correlation of 
breast cysts with malignancy. However, literature 
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is ambiguous, with some authors finding cysts to 
be a true risk factor, whereas others regard them 
as a non-obligate precursor lesion of apocrine 
carcinoma or even as benign lesions with no cor-
relation with malignancy (Celis et  al. 2006; 
Dixon et  al. 1999; Mannello et  al. 2006; Yates 
and Ahmed 1988). Moreover, an increased risk of 
subsequent malignancy with increasing number 
of cyst aspirations in a woman’s life has been 
suggested (ten or more cyst aspirations correlated 
to a sixfold relative risk in one study) (Bodian 
et al. 1992). Overall, cysts appear to be correlated 
with a small increase of relative risk for subse-
quent breast cancer (RR: 1.5–2) (Berg et al. 2003; 
Mannello et al. 2006).

The frequency of breast cysts reaches its peak 
in the third and fourth decades of life and sharply 
diminishes after menopause, except for women 
under hormone replacement therapy (HRT) 
(Rinaldi et  al. 2010). Regarding their develop-
ment mechanism, different cyst types are patho-
logically identified: apocrine (or secretory) cysts 
and transudative cysts, both arising in the termi-
nal ductal lobular unit (TDLU), while intermedi-
ate types are also encountered (Dixon et al. 1985; 
Mannello et al. 2006; Rinaldi et al. 2010). It has 
to be noted that simultaneous or sequential, mul-
tiple cysts in the same woman are usually of the 
same type (Rinaldi et al. 2010). Imaging cannot 
differentiate between these two different patho-
logical cyst types (Rinaldi et al. 2010).

Apocrine (or secretory) cysts are lined with 
metabolically active, apocrine epithelial cells, 
similar to the ones found in sweat glands. The 
prevailing theory regarding their origin is that the 
epithelial lining of the TDLU undergoes an apo-
crine metaplastic change (Chinyama 2014; 
Haagensen 1991). Lobules tend then to expand 
due to secretions, “unfold,” and finally fuse, cre-
ating larger cystic spaces (Chinyama 2014; 
Warner et  al. 1998; Wellings and Alpers 1987) 
(Fig. 1). The epithelial cells show tight cell-cell 
junctions and proliferate and are thus prone to the 
development of hyperplasia, atypia, or even pre-
neoplastic alterations (Mannello et  al. 2006; 
Rinaldi et al. 2010). The fluid in apocrine cysts 
shows a low Na+/K+ ratio (<3) and contains sev-
eral secretory products (Dixon et  al. 1985). 

Apocrine epithelial cells lack estrogen-α and pro-
gesterone receptors, while they express androgen 
receptors (Chinyama 2014). Finally, this type of 
cysts has been suggested to have a tendency 
towards multiplicity and recurrence (Berg et al. 
2003; Dixon et al. 1985).

Transudative cysts on the other hand are lined 
with flattened epithelium that does not show any 
metabolic hypertrophy. The biochemical compo-
sition of their fluid content is similar to that of 
plasma (Na+/K+ ratio >3) (Dixon et al. 1985), and 
the epithelial cells are strongly positive for 
estrogen-α and progesterone receptors and dem-
onstrate open cell-cell junctions (Celis et  al. 
2006). Transudative cysts are more often solitary 
and have a lower tendency to recur (Mannello 
et al. 2006; Rinaldi et al. 2010). Finally, transuda-
tive cysts are postulated to occur due to fibrosis 
of a duct, leading to a retention of fluid, which 
derives from plasma (Mannello et  al. 2006; 
Rinaldi et al. 2010).

2  Imaging Classification 
of Cystic Lesions 
of the Breast

Cysts can be seen on mammography (MG), ultra-
sound (US), and magnetic resonance imaging 
(MRI). However, US is the modality of choice for 

Fig. 1 Ultrasound image, depicting dilated and fused 
acini along a duct (arrows) to form different sized cystic 
spaces (dashed arrows)
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the characterization of cystic lesions, whereas 
MG and MRI have a more limited role.

The BI-RADS lexicon (Mendelson et  al. 
2013) classifies cystic breast lesions as simple 
cysts, complicated cysts, and complex cystic and 
solid lesions, while clustered microcysts form a 
further special case.

Cystic lesions have a different appearance 
according to their type, and thus their imaging 
findings are of importance for their correct 
characterization.

2.1  Simple Cysts

2.1.1  Imaging Findings

2.1.1.1 Ultrasound
Simple breast cysts have a typical morphology in 
ultrasound (US). They present as an oval or 
round, anechoic lesion with an imperceptible 
wall, circumscribed margin, and posterior 
enhancement (Fig. 2). They tend to flatten with 
compression (Berg et al. 2010) and usually show 
a lateral edge refraction (Venta et al. 1994).

Sometimes simple cysts do not present with 
their typical features. Posterior enhancement 
may be absent (Berg et  al. 2010), and due to 
reverberation artifacts false echoes may appear in 
a simple cyst. They may even demonstrate lobu-
lations or thin (<0.5 mm) septa. In these cases, 
one should consider the presence of two or more 

abutting simple cysts. Wall thickness of 0.5 mm 
corresponds to the combined thickness of two 
myoepithelial and epithelial cell layers (Rinaldi 
et al. 2010).

With currently available, high-frequency lin-
ear array transducers, most simple cysts with a 
size of at least 5–8 mm, lying at a depth of less 
than 4 cm, can be accurately characterized. It has 
been shown that the characterization of cysts is 
more accurate between different examiners for 
lesions with a diameter of at least 8 mm (Berg 
et al. 2006b). For deeper lying lesions, it is pos-
sible to reduce the transducer frequency, in order 
to ensure an adequate penetration of the beam 
(Athanasiou et al. 2014) and consequent recogni-
tion of a lesion as a simple cyst.

Decreasing the dynamic range may also prove 
beneficial for a correct diagnosis of a simple cyst 
(Fig.  3). A narrow dynamic range essentially 
means that less shades of gray are used, leading 
to a decrease in false intracystic echoes (e.g., due 
to reverberation artifacts) (Berg et  al. 2003; 
Vargas et  al. 2004). However, a too narrow 
dynamic range may lead to hypoechoic solid 
lesions presenting as anechoic ones and thus be 
falsely interpreted as simple cysts (Berg et  al. 
2010; Kim et al. 2011).

Several complementary US techniques, 
besides B-mode, can be used to facilitate the cor-
rect diagnosis of a simple cyst in problematic 
cases. These include harmonic imaging, spatial 
compounding, elastography, Doppler, as well as 
administration of a contrast medium (Balleyguier 
et al. 2013b; Berg et al. 2003; Gulati et al. 2015; 
Rinaldi et al. 2010).

Harmonic imaging uses the resonance of tis-
sue, due to the transmission of the US beam. This 
leads to the generation of harmonic waves, whose 
frequency is a higher integer multiple of the 
transmission frequency. For image generation, 
the transmitted frequency spectrum is filtered 
out. Currently, the second harmonic (that is twice 
the transmitted frequency) is used for imaging 
(Choudhry et  al. 2000; Rosen and Soo 2001). 
Harmonic imaging leads to an improved spatial 
resolution and contrast as well as a reduction in 
artifacts (e.g., reverberation artifact) and false 
internal echoes, allowing for a higher operator 

Fig. 2 Typical appearance of a simple cyst at B-mode 
US, presenting as an oval, circumscribed, anechoic lesion 
with posterior enhancement. This is a BI-RADS 2 
finding
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c

Fig. 3 Forty-nine-year-old woman, screening US. 
B-mode (a) shows a simple cyst with artifactual internal 
echoes. By reducing the dynamic range from 75 to 50 dB 

(b) or use of harmonic imaging (c), its anechoic nature 
can be better appreciated (BI-RADS 2)

confidence in diagnosing a lesion as cystic (Berg 
et al. 2003; Rinaldi et al. 2010; Rosen and Soo 
2001) (Fig.  3). However, harmonics are attenu-
ated at bigger depths, and their role for the evalu-
ation of deep-lying cysts may be limited.

Spatial compounding averages several images 
taken from different perspectives (Kern et  al. 
2004). This leads to a higher signal-to-noise ratio 
and a decrease of speckle artifacts and back-
ground noise. The internal structure and the 
tumor margins can be characterized better, and 
calcifications are recognized more accurately 
(Athanasiou et  al. 2014; Cha et  al. 2005). 
However, posterior features become less conspic-
uous with compound imaging (Fig. 4).

Elastography is a relatively recent develop-
ment, which enables an evaluation of tissue 
stiffness. Two different forms of elastography 
are currently in use: strain elastography, which 
is based on tissue compression, and elastogra-
phy based on the propagation of shear waves 

(shear wave elastography—SWE—and acoustic 
radiation force impulse—ARFI). Cystic lesions 
tend to present with characteristic patterns in 
strain elastography, either as a triple-layered 
lesion (blue-green-red) due to an aliasing arti-
fact in systems that deploy a color-coded elasto-
gram (Cho et al. 2011) (Fig. 5) or with a typical 
“bull’s-eye” appearance (hyperechoic center and 
hypoechoic periphery) due to subtle fluid motion 
in devices that use a black-and-white elastogram 
(Balleyguier et al. 2013a; Barr 2018) (Fig. 6). On 
the other hand, in SWE and ARFI technology, 
cysts present a central void, since shear waves do 
not propagate in nonviscous fluids (Balleyguier 
et  al. 2013b) (Fig.  7). More details on further 
US techniques can be found in Chapter “Breast 
Ultrasound-Advanced Techniques.”

Doppler imaging may also be particularly help-
ful in the diagnosis of simple cysts. Doppler is 
used for the characterization of flow. Since by defi-
nition simple cysts lack any solid internal compo-
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a b

Fig. 4 Thirty-eight-year-old woman referred for a palpa-
ble lump in the left breast. B-mode US (a) shows a cystic 
lesion with internal echoes and a partially indistinct mar-
gin (arrow). With the use of compound imaging (b), the 

artifactual internal echoes are reduced and the margin is 
better delineated, proving this to be a simple cyst 
(BI-RADS 2). However, the posterior enhancement 
becomes less apparent with compound imaging

a b

Fig. 5 Twenty-seven-year-old woman presenting with 
pain in the left breast. In B-mode, US (a) shows a 
hypoechoic lesion, which may be mistaken for a solid 
mass. However, the color-coded elastogram (b strain elas-
tography) demonstrates a triple-layered (blue-green-red) 

appearance (white circle), which is typical of a cystic 
lesion. Fine needle aspiration yielded green fluid. No 
residual mass remained post-interventionally. In 6-month 
follow-up, the cyst was not visible

nent, no internal vascularization should be evident 
in Doppler examination (Busilacchi et al. 2012). 
However, in cases of an inflamed cyst, a peripheral 
hyperemia is possible (Athanasiou et al. 2014).

In some cases, Doppler can be false negative, 
despite the presence of vessels inside a lesion. 
The detection of internal vasculature can be sig-
nificantly improved by the application of a con-
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Fig. 6 Thirty-two-year-old woman, recalled from screen-
ing for a lesion in the right breast. In B-mode US (a) it is 
partially anechoic; however, it also shows artifactual 
echoes and a partially indistinct margin (arrow). Strain 
elastography with a device applying a black-and-white 

elastogram (b) demonstrates a typical “bull’s-eye” appear-
ance corresponding to a cystic lesion (arrow). Fine needle 
aspiration yielded only some drops of black fluid. No 
residual mass remained post-interventionally. In 6-month 
follow-up, the cyst was visible neither at US nor at MG

Fig. 7 Shear wave elastogram of a simple cyst in the left 
breast of a 38-year-old woman. The central void is due to the 
lack of shear wave propagation in nonviscous fluid and is a 
typical finding of simple cysts, classified as BI-RADS 2

trast medium. Again, a simple cyst should not 
demonstrate any internal enhancement at 
contrast- enhanced US, whereas an increased 
peripheral enhancement may be encountered in 
cases of an inflamed cyst (Barnard et  al. 2008; 
Gulati et al. 2015).

2.1.1.2 Mammography
At MG, simple cysts present as round or oval, 
hypo- to isodense, circumscribed or obscured 
masses. Obviously, MG cannot reliably distin-
guish cystic from solid lesions. They are often 
multiple and bilateral, while a fluctuation over 
consecutive controls is possible, with some 
regressing and others developing (Berg et  al. 
2006a) (Figs. 8 and 9).

2.1.1.3 Magnetic Resonance Imaging
At magnetic resonance imaging (MRI), simple 
cysts also have typical features. Their signal 
intensity is similar to that of water (hyperintense 
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Fig. 8 A 44-year-old woman presenting with a palpable 
lump in the left breast. MG (MLO projection) demon-
strates a round, isodense, partially circumscribed, and par-
tially obscured mass (close-up inside the white frame). 
Cystic and solid lesions cannot be differentiated in MG, 
resulting in a BI-RADS 0 score. Further workup consisted 
of US, which demonstrated a simple cyst (not shown)

on T2w and STIR and hypointense on T1w 
sequences), and they do not show any enhance-
ment after application of a contrast medium 
(Berg et al. 2010) (Figs. 9 and 10).

2.1.2  Management
If the imaging findings are that of a typical sim-
ple cyst, no further action is necessary. The lesion 
can be classified as a BI-RADS 2 (benign find-
ings), and the patient can be returned to normal 
screening (Cohen et  al. 2019; Mendelson et  al. 
2013).

An US-guided fine needle aspiration (FNA) 
can be considered for symptomatic relief, if the 
cyst is large and palpable or painful. In this case 
it is not necessary to change the overall BI-RADS 
2 classification (Mendelson et  al. 2013). The 
management of the acquired fluid depends on its 
color. If it is cloudy or clear yellow or greenish-
black, then it can be safely discarded (Ciatto 
et al. 1987; Hindle et al. 2000; Smith et al. 1997). 
This kind of fluid may be sent for cytological 
examination at the patient’s request or if the 
patient has a personal history of breast cancer or 
atypias (Rinaldi et al. 2010). However, if bloody 
fluid is aspirated and this is not attributable to the 
puncture itself, then it should be sent to cytology 
and a subsequent US-guided biopsy should be 
considered (Athanasiou et al. 2014; Smith et al. 
1997). If a biopsy is not performed immediately 
after the FNA, the location of the cyst needs to be 
marked with a clip for future reference.

2.2  Complicated Cysts

2.2.1  Imaging Findings

2.2.1.1 Ultrasound
The term complicated describes the US appear-
ance of a cyst, which fulfills all the criteria of a 
simple cyst (circumscribed margin, impercepti-
ble wall, posterior enhancement) besides the 
internal echogenicity. Complicated cysts are not 
anechoic and may present with either homoge-
neous low-level echoes (due to the presence of 
proteins, blood, or pus) (Fig. 11) or a fluid-debris 
level (Fig. 12) or even bright echogenic foci, cor-
responding to cholesterol crystals or milk of cal-
cium (Athanasiou et al. 2014; Berg et al. 2010; 
Mendelson et al. 2013; Rinaldi et al. 2010).

Turning the patient to the oblique position 
during the examination may be especially helpful 
to demonstrate the movement of debris that does 
not adhere to the cystic wall, thus ruling out the 
presence of a solid intracystic component. 
Furthermore, the observation of debris move-
ment inside a cyst can be facilitated by examining 
it with color or power Doppler. The energy trans-
mitted during the application of Doppler is higher 

Cystic and Complex Cystic and Solid Lesions



310

a b

Fig. 9 Screening MG (a CC projection) of a 52-year-old 
woman demonstrates extremely dense (BI-RADS compo-
sition D) parenchyma of the left breast with several iso- to 
hypodense lesions, which are partially obscured because 
of overlapping breast parenchyma (BI-RADS 0). Axial 

MRI scan (b STIR, TR: 5360, TE: 188) shows multiple 
hyperintense simple cysts of different sizes. The final 
assessment taking into account the MRI findings is 
BI-RADS 2

than that of B-mode US, which makes fluid par-
ticles move away from the transducer due to an 
acoustic streaming phenomenon (Clarke et  al. 
2005; Nightingale et al. 1995). The observation 
of this movement can prove the cystic nature of a 
lesion (Fig. 13). To rule out an intracystic solid 
component, administration of a contrast medium 
can be useful in selected cases (Fig. 14).

2.2.1.2 Mammography
The MG appearance of complicated cysts is simi-
lar to that of simple ones. They typically present 
as round or oval, hypo- to isodense, circum-
scribed or obscured masses. They may also be 

solitary or multiple, uni- or bilateral, and fluctu-
ating over consecutive controls (Berg et  al. 
2006a). Occasionally, they may demonstrate 
milk of calcium or even rim calcifications. As 
with simple cysts, they cannot be differentiated 
from a solid lesion on MG (Fig. 15).

2.2.1.3 Magnetic Resonance Imaging
At MRI, the signal intensity of a complicated cyst 
depends on the nature of its content. Blood or 
protein-rich fluid will be hyperintense on T1w 
and hypointense on STIR and T2w sequences 
(Fig.  16). Fatty content will be hyperintense in 
T1w, isointense in T2w, and hypointense in fat- 
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Fig. 10 Appearance of simple cysts at MRI. In the STIR 
image (a TR: 5360, TE: 188), the cyst content is homoge-
neously hyperintense. After IV contrast administration (b 

early arterial phase, subtraction image), neither the cyst 
contents nor the walls demonstrate any enhancement. 
These findings are consistent with a BI-RADS 2 score

Fig. 11 Twenty-three-year-old woman referred for pain 
in the right breast. B-mode US demonstrates a compli-
cated cyst, presenting with homogeneous low-level 
echoes. Complicated cysts like this are classified as 
BI-RADS 3

Fig. 12 Forty-six-year-old woman referred for pain in 
the left breast. B-mode US performed on both breasts 
showed two complicated cysts with evident fluid-debris 
levels as an incidental finding in the right breast. These 
were asymptomatic and were classified as BI-RADS 2
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suppressed sequences. The presence of pus will 
lead to an internal diffusion restriction, typical for 
abscesses. The observation of a fluid-debris level 
is possible. After application of a contrast medium, 
some complicated cysts may demonstrate a rim 
enhancement of their wall. However, this will be 
thin (<2 mm) and smooth and demonstrate persis-
tent kinetics (Figs. 15 and 17). If the enhancing 
rim is thick or irregular or shows a washout, then 
the lesion should be regarded as suspicious.

2.2.2  Management
Asymptomatic complicated cysts, which present 
with homogeneous low-level echoes or fluid- 
debris levels and are an incidental finding, may 
be classified as BI-RADS 3, and a short-term 
follow-up (in 6, 12, and 24 months) can be safely 
initiated (Berg et al. 2010). The probability of a 
malignancy of such lesions is very low, well 
under the 2% cutoff required for the BI-RADS 3 
category (0.2–1%) (Berg et al. 2010; Graf et al. 
2007; Gruber et  al. 2013). If the lesion size 
increases by more than 20% in the 6-month fol-
low- up, a biopsy is required (Gordon et al. 2003).

In contrast, a lesion should be classified as 
BI-RADS 4 in the following cases: (1) if it is pos-
sibly solid and new or enlarging, (2) if a complex 
cystic and solid lesion cannot be confidently 
excluded, or (3) if there are any other suspicious 
features in US, MG, and MRI. In these cases, a 
FNA (possibly followed by an US-guided biopsy, 
if the lesion proves to be solid) is warranted.

Special caution should be taken if a new or 
developing, solitary lesion resembling a compli-
cated cyst is found in a postmenopausal woman 
who is not on HRT. Since it is quite unusual for 
postmenopausal women to develop breast cysts, 
such a lesion should be viewed with suspicion 
and a short-term follow-up or even a histologic 
workup may be appropriate (Aujero et al. 2019; 
Markopoulos et al. 2002).

FNA may be performed even in non- suspicious 
lesions for symptomatic relief in case of a palpa-
ble or tender cyst. There is no need for a BI-RADS 
upgrade in such a case (Mendelson et al. 2013). 
The management of the acquired fluid is similar 
to that of a simple cyst FNA. If pus is aspirated, it 
should be sent to bacteriology.

Fig. 13 Doppler US of a complicated cyst in the left 
breast of a 47-year-old woman, referred for a painful 
lump. Doppler imparts more energy than B-mode US and 
thus brings fluid to motion, something that can be demon-
strated as large color artifacts (arrow)

a

b

Fig. 14 B-mode US (a) demonstrating a cystic lesion 
with internal echoes in the left breast of a 46-year-old 
woman. To rule out a complex cystic and solid lesion, 
contrast-enhanced US (b) with a sonographic contrast 
medium (SonoVue®, Bracco, Milan, Italy) was performed. 
Here, no enhancement of the lesion is observed, thus 
proving the content to be debris and the lesion to be a 
complicated cyst
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Fig. 15 Thirty-eight-year-old woman presenting with a 
new, painful, palpable lesion in the lateral left breast. In 
MG (a CC projection), an isodense mass can be seen; 
however, the margin cannot be sufficiently evaluated due 
to overlapping with breast parenchyma. B-mode US (d) 
shows a cystic lesion with a prominent wall, internal 
echoes, and peripheral edema, whereas Doppler (e) dem-

onstrates peripheral vascularity. In MRI, the T2w image 
(b TR: 5360, TE: 188) shows a round, circumscribed 
hyperintense mass with a fluid-debris level. After IV 
application of contrast medium (c early arterial phase, 
subtraction image), a thin and smooth enhancement rim is 
evident. The imaging findings correspond with an 
inflamed cyst

2.3  Complex Cystic and Solid 
Lesions

Complex cystic and solid lesions present with 
both cystic and solid components. According to 
Berg et al. (2003, 2010), four different types of 
these lesions can be identified, based on their 
imaging findings: type I comprises cysts with a 
thick (≥0.5  mm) wall, type II cysts with thick 
(≥0.5  mm) septations, type III predominantly 
cystic lesions (>50%) with solid parts (otherwise 
called intracystic masses), and type IV predomi-
nantly solid (>50%) lesions with central or 
peripheral cystic parts.

2.3.1  Imaging Findings

2.3.1.1 Ultrasound
The US appearance of complex cystic and solid 
breast lesions depends on their subtype. They 
demonstrate either as cystic masses with a thick 
wall (Fig. 18) or thick septations (Fig. 19) or as 
an intracystic mass (Fig.  20) or even as solid 
lesions with cystic components (Fig. 21). Due to 
the cystic part, they may show posterior enhance-
ment. Especially in cases of malignant lesions, 
they are at least partially non-circumscribed and 
may have microlobulated, indistinct, angular, or 
less often spiculated margins (Yao et  al. 2017). 
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Fig. 16 Forty-eight-year-old woman, recall from screen-
ing for a lesion in the left breast. US (not shown) showed 
a possibly complex cystic and solid lesion; therefore, the 
woman was referred to MRI.  In the pre-contrast T1w 
image (a TR: 4.68, TE: 1.65, DIXON technique, water- 
only image), it is heterogeneously hypointense with a 

fluid-debris level. After IV contrast administration (b + e: 
early arterial phase, c  +  f venous phase, subtraction 
images), it does not show any enhancement. The fluid- 
debris level is better appreciated in the STIR sequence (d 
TR: 5360, TE: 188). The MRI findings are typical of a 
complicated cyst

Their shape and orientation may be variable. 
Sometimes solid parts may bleed, and hemor-
rhagic material may mask the actual intracystic 
mass. In these cases, repositioning the patient 
will usually aid in the recognition of a solid, 
intracystic component (Athanasiou et  al. 2014; 
Berg et al. 2010; Xiang et al. 2020).

Doppler imaging may be very useful for the 
characterization of complex cystic and solid 
lesions, since it will often demonstrate vascular-
ity in solid components (Fig. 22). In case of intra-
ductal or intracystic papillomas, their vascular 
stalk may also be demonstrated (Jagmohan et al. 
2013) (Fig.  23). However, lack of intralesional 
vascularization in Doppler does not preclude a 

solid lesion (Doshi et  al. 2007). Elastography 
will also sometimes point out a stiff solid part of 
the lesion, which is more usual in case of malig-
nancies (Athanasiou et  al. 2014). Finally, 
contrast- enhanced US may be helpful in the cor-
rect identification of a complex cystic and solid 
breast lesion. In such a case, the solid lesion parts 
will usually demonstrate an avid contrast 
enhancement (Liu et al. 2009) (Figs. 24 and 25).

2.3.1.2 Mammography
The MG appearance of complex cystic and solid 
lesions may be variable, and the demonstration of 
a circumscribed mass is possible. However, some 
suspicious features (e.g., a partially indistinct 
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Fig. 17 Different 
appearances of simple 
and complicated cysts at 
MRI. The medially 
located (complicated 
cyst) is less hypointense 
than the other two 
simple cysts in the 
pre-contrast T1w (a TR: 
4.68, TE: 1.65, DIXON 
technique, fat-only 
image) and shows a 
persistent, thin, smooth 
rim enhancement after 
IV contrast 
administration (b early 
arterial phase, c venous 
phase). In the T2w 
image (d TR: 5360, TE: 
188), all cysts are 
markedly hyperintense

margin or an evident hyperdensity) may be pres-
ent and point to a malignancy (Berg et al. 2010) 
(Fig. 26). Complex cystic and solid lesions will 
often present with associated microcalcifications, 
either amorphous, punctate, or even coarse het-
erogeneous (Berg et al. 2010; Doshi et al. 2007; 
Jagmohan et al. 2013) (Fig. 27).

2.3.1.3 Magnetic Resonance Imaging
At MRI, complex cystic and solid lesions will 
also show a variable appearance according to 
their subtype. An irregular shape and a non- 

circumscribed margin are often seen in malig-
nancies. The cystic part may be hypo-, iso-, or 
hyperintense in T1w sequences, depending on its 
composition (bloody or proteinaceous fluid will 
be iso- to hyperintense), and generally hyperin-
tense in STIR and T2w sequences (Popli et  al. 
2016) (Fig.  28). The presence of peritumoral 
edema is also highly suggestive of a malignancy, 
although it may be seen around inflammatory 
lesions (Kaiser et  al. 2015; Wang et  al. 2014). 
After contrast administration, a rim enhancement 
is typical of complex cystic and solid lesions. 
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Fig. 18 Fifty-six-year-old woman presenting with a pal-
pable lump in the left breast, 6 months after breast- 
conserving surgery. B-mode US demonstrates a 
thick-walled complex cystic and solid lesion, correspond-
ing to a postoperative, organizing hemato-seroma. 
Without knowledge of the history of the patient and com-
parison with previous examinations, ruling out a necrotic 
tumor may be difficult in such a case. The lesion did not 
change in follow-up examinations over 4 years

Fig. 19 Sixty-seven-year-old woman with a history of 
breast-conserving surgery of the left breast 4 years ago. 
B-mode US shows a complex cystic and solid lesion with 
a thick wall and thick septations. US-guided biopsy 
resulted in a postoperative oil cyst

Whereas benign lesions will usually show a 
smooth, thin, slowly, and persistently enhancing 
rim, malignancies typically demonstrate a nodu-
lar, irregular, thick rim, with rapid enhancement 
and a plateau or washout (Berg et al. 2010; Popli 
et  al. 2016; Wang et  al. 2014) (Fig.  26). More 
details on the MRI imaging findings of complex 
cystic and solid lesions can be found in Chapter 
“Breast MRI: Multiparametric and Advanced 
Techniques.”

2.3.2  Management
Due to the high rate of underlying malignancy, 
complex cystic and solid lesions of the breast 
should be classified as BI-RADS 4 and need to be 
histopathologically examined. A 14G large core 
needle biopsy is adequate for sampling predomi-
nantly solid lesions with small cystic parts 
(Fig. 29). However, for lesions with a thick wall 
or thick septations as well as for small intracystic 
masses, biopsy should ideally be performed with 
an 7–11G vacuum-assisted needle (VAB) 
(Athanasiou et  al. 2014; Heywang-Köbrunner 
et al. 2009) (Fig. 30). In any case, the biopsy area 
should be marked with a clip, to ensure adequate 
recognition of the lesion in future (Athanasiou 
et al. 2014; Doshi et al. 2007).

After biopsy of a complex cystic and solid 
lesion of the breast, a thorough radiologic- 
pathologic correlation has to be performed 
(Athanasiou et  al. 2014; Doshi et  al. 2007; 
Heywang-Köbrunner et al. 2009). It is important 
that the pathologic findings can explain the imag-
ing appearance, and a detailed description of the 
lesion should be provided to the pathologist 
(Doshi et al. 2007). If the results are benign and 
are deemed concordant, a 6-month follow-up is 
suggested (Athanasiou et  al. 2014; Doshi et  al. 
2007).

In case pathology demonstrates a benign pap-
illoma, the case should be discussed in the multi-
disciplinary board. If the biopsy was performed 
using a large core needle, the risk of upgrade to 
atypia or even malignancy due to undersampling 
is up to 24% (Cyr et al. 2011). Therefore, a surgi-
cal excision is usually warranted (Athanasiou 
et al. 2014; Berg et al. 2010). However, if a VAB 
was performed, the risk of an upgrade is less than 
2% due to the larger tissue sample size (Lee et al. 
2014). Therefore, it is considered as a safe alter-
native to open surgical biopsy (Brookes and 
Bourke 2008; Lee et al. 2014; Rageth et al. 2016), 
and follow-up may be an adequate option (Rageth 
et al. 2016).

If an atypical lesion is diagnosed at pathology, 
then an open surgical biopsy should be  performed, 
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Fig. 20 Fifty-year-old 
woman, referred from 
screening. B-mode US 
(a) shows a type III 
complex cystic and solid 
lesion, with a solid, 
intracystic mass 
adhering at the cyst wall. 
In MRI of the same 
patient, the pre-contrast 
T1w image (b) TR: 
4.68, TE: 1.65, DIXON 
technique, fat-only 
image) shows the cyst to 
be hypointense and the 
T2w image (c) TR: 
5360, TE: 188) 
heterogeneously 
hyperintense. After IV 
administration of 
contrast medium (d) late 
arterial phase, DIXON 
technique, fat-only 
image; (e) late arterial 
phase, subtraction 
image), the “intracystic 
mass” does not show 
any enhancement, 
proving it to be 
tumefactive, wall- 
adherent debris. The 
lesion regressed in the 
next follow-up round

since the upgrade rate ranges between 17% and 
38% at final pathology (Athanasiou et al. 2014; 
Mooney et al. 2016). In any case of discordance 
between imaging findings and pathology, a re-
biopsy is recommended. If the initial biopsy was 
performed with a core needle, VAB could be con-
sidered. Alternatively, an open surgical biopsy is 
the appropriate management in these cases.

2.4  Clustered Microcysts

Clustered microcysts arise due to a cystic dilata-
tion of a part or all acini of a TDLU and are most 
commonly seen perimenopausally (Berg 2005; 
Berg et  al. 2010). They are the typical imaging 
finding of apocrine metaplasia, while they also 
often represent fibrocystic changes (Berg 2005; 
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Fig. 21 Thirty-seven-year-old woman referred for a pal-
pable abnormality in the left breast. B-mode US (a) dem-
onstrates a type IV complex cystic and solid lesion with 
peripheral cystic spaces. Power Doppler (b) identifies a 
vessel in the rim of the lesion. US-guided biopsy showed 
an area of fibrocystic changes

Fig. 22 Grade 3 invasive carcinoma of no special type in 
a 34-year-old woman with a palpable, rapid enlarging 
lump in the right breast, presenting as a complex cystic 
and solid lesion. Doppler demonstrates avid vasculariza-
tion in the solid lesion parts

Fig. 23 Doppler US of a biopsy-proven intraductal papil-
loma in the right breast of a 46-year-old woman. Doppler 
may enable the identification of the vascular stalk of pap-
illary lesions

a

b

Fig. 24 US images of an incidental finding in the right 
breast of a 42-year-old woman, referred for a palpable 
lesion in the left breast. B-mode US (a) demonstrates a 
small complex cystic and solid lesion. In contrast- 
enhanced US with a sonographic contrast medium 
(SonoVue®, Bracco, Milan, Italy) (b), the solid lesion 
components are enhanced, as opposed to the cystic parts 
(green line demarcates the lesion boundaries). US-guided 
biopsy proved this lesion to be an area of apocrine meta-
plasia with small papillary lesions
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Fig. 25 Sixty-eight-year-old woman, referred for bloody 
secretion from the left nipple. B-mode US of the left 
breast (a) shows an intracystic mass, which enhances 
avidly after IV contrast administration (b contrast- 

enhanced US with a sonographic contrast medium 
(SonoVue®, Bracco, Milan, Italy)). The lesion proved to 
be a papillary carcinoma in situ after vacuum-assisted 
ultrasound-guided biopsy

Berg et al. 2003; Warner et al. 1998). Less usu-
ally, they may correspond to fibroadenomas, 
whereas malignant lesions rarely (if at all) pres-
ent as true clusters of microcysts (Berg 2005; 
Berg et al. 2003, 2010; Chang et al. 2007; Daly 
et al. 2008; Tanaka et al. 2016).

2.4.1  Imaging Findings

2.4.1.1 Ultrasound
At US, clustered microcysts present as oval, 
circumscribed, or microlobulated (but not 
indistinct) masses, consisting of several adja-
cent anechoic foci (usually 1–7 mm each) (Berg 
2005; Goldbach et al. 2020; Warner et al. 1998). 
The latter are separated by thin (<0.5 mm), pos-
sibly fuzzy septations, which represent the 
combination of two myoepithelial and epithe-
lial cell layers (Rinaldi et  al. 2010). Posterior 
enhancement may be present or absent. The 
individual cysts may contain milk of calcium 
(evident as bright echogenic foci) or be compli-
cated (Fig. 31). In this case, their differentiation 
from solid components may be difficult.

With Doppler, no internal vascularization 
should be evident in the septations. Compound 
imaging may allow a better delineation of the indi-
vidual septa, whereas harmonics may help depict 
the single cysts as truly anechoic areas (Fig. 32).

2.4.1.2 Mammography
At MG, clustered microcysts usually appear as 
oval, microlobulated, circumscribed, or obscured, 
hypo- to isoechoic masses, possibly with milk of 
calcium (Berg 2005; Warner et  al. 1998). 
However, presentation as a focal asymmetry, 
with or without amorphous or coarse heteroge-
neous calcifications, is also possible (Tanaka 
et al. 2016).

2.4.1.3 Magnetic Resonance Imaging
The typical appearance of clustered microcysts at 
MRI is that of an oval lobulated mass, which is 
hypointense in T1w sequences. In STIR and T2w 
sequences, the cystic components will be hyper- 
whereas the septa hypointense. After application 
of a contrast medium, only the septa may demon-
strate enhancement.
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Fig. 26 Fifty-four-year-old woman presenting with a 
palpable lump in the right breast. MG (a MLO projection) 
shows a round, hyperdense mass which has a partially 
indistinct margin. In B-mode US (b), a type IV complex 
cystic and solid lesion with indistinct margins and periph-

eral edema is demonstrated. In MRI (c STIR, TR: 5360, 
TE: 188; d early arterial phase, post-contrast subtraction 
image), the solid parts show an avid enhancement, 
whereas the cystic ones do not. US-guided biopsy showed 
a grade 3 invasive carcinoma of no special type
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Fig. 27 Forty-eight-year-old woman presenting with a 
palpable lump in the left breast. MG (a CC projection) 
shows an irregular, polylobulated, hyperdense mass with a 
partially indistinct margin and associated pleomorphic 
microcalcifications. In B-mode US (b), a panoramic 
image demonstrates two abutting complex cystic and solid 
masses, one with a thick wall and thick septations and the 
other predominantly solid with cystic parts. US-guided 
biopsy showed a grade 2 invasive carcinoma of no special 
type

2.4.2  Management
The management of incidentally found clustered 
microcysts depends on the menopausal status of 
the woman. In premenopausal women, clusters 
with a typical, circumscribed appearance may be 
considered as BI-RADS 2 findings. Small lesions, 
which may be difficult to characterize or lesions 
containing individual complicated cysts, should 
be classified as BI-RADS 3 and a short-term fol-
low- up should be suggested. However, if a cluster 
of microcysts presents with any suspicious find-

ings (either in US or MG or MRI), a rapid growth, 
or a presumable solid component, an US-guided 
biopsy should be performed (BI-RADS 4) (Berg 
2020; Berg et  al. 2010; Goldbach et  al. 2020; 
Greenwood et al. 2017; Tanaka et al. 2016).

In postmenopausal women, especially if they 
are not on HRT, newly formed clustered micro-
cysts should be regarded with caution. If a lesion 
is new and has a typical circumscribed appear-
ance, then it should be classified as BI-RADS 3 
and a short-term follow-up should be performed. 
Again, any suspicious imaging or clinical find-
ings, a rapid growth, or solid lesion components 
should prompt a classification of BI-RADS 4 and 
an US-guided biopsy (Berg et al. 2010).

3  Differential Diagnosis 
of Cystic Breast Lesions

The most usual benign and malignant differen-
tial diagnoses of cystic breast lesions are pre-
sented in the following section and summarized 
in Table 1:

3.1  Benign Lesions

Abscesses may present as either complicated 
cysts or complex cystic and solid lesions, with a 
thick wall and/or thick septations (Chang et  al. 
2007). They are more frequent in breastfeeding 
and smoking women (Schafer et  al. 1988) and 
will typically present with clinical symptoms like 
erythema and tenderness. Accompanying reac-
tive axillary lymph nodes are often encountered. 
A perilesional hyperechogenicity due to edema 
and/or hyperemia (on Doppler) can be usually 
observed (Fig. 33). A rim enhancement is typical 
at MRI. This may be irregular, while the putrid 
content normally shows a restricted diffusion 
(Fig. 28).

Adenomyoepitheliomas are benign breast 
lesions characterized by a biphasic proliferation 
of epithelial and myoepithelial cells and may 
recur after surgical excision (Lee et  al. 2010). 
Due to the compression or obstruction of an adja-
cent duct space, these lesions sometimes present 
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Fig. 28 Thirty-eight-year-old woman with a history of 
recurrent abscesses in the left breast. MRI demonstrates a 
complex cystic and solid lesion with a thick wall (type I). 
The ADC map (a) shows low values inside the abscess, 
correlating to restricted diffusion due to pus (b DWI, 
hyperintense in the b800 image, TR: 6700, TE: 60). In the 

T2w image (c TR: 5360, TE: 188), the abscess wall is 
hypo- and the content hyperintense. After IV contrast 
administration (d late arterial phase, subtraction image), 
the abscess wall shows a thick, irregular rim enhance-
ment. US-guided aspiration yielded 25 mL of pus

P. Kapetas and T. Helbich



323

Fig. 29 Fifty-six-year-old woman, referred from screen-
ing for a lesion in the right breast. In US, this proved to be 
a predominantly solid (type IV) complex cystic and solid 
lesion, classified as BI-RADS 4. US-guided biopsy with a 
14 G core needle was performed. The lesion proved to be 
a benign papilloma

Fig. 30 Fifty-three-year-old woman, presenting with a 
palpable lump in the left breast. US demonstrated a type 
III complex cystic and solid lesion with a small intracystic 
mass, classified as BI-RADS 4. US-guided biopsy was 
performed with a 9 G vacuum-assisted needle, rendering a 
benign papilloma. If a usual 14 G core needle biopsy had 
been used in this case, the cystic part would have most 
likely collapsed after the first passage, rendering this 
small papilloma very hard to identify. Notice that the nee-
dle opening is placed right under the solid mass, thus 
facilitating its proper sampling

Fig. 31 Clustered microcysts, with individual cysts con-
taining milk of calcium, which appears as bright echo-
genic foci

as complex cystic and solid lesions (Hikino et al. 
2007; Lee et al. 2010). At MG, they may show 
microcalcifications and an associated architec-
tural distortion, whereas in MRI, a type III 
enhancement curve is possible.

Apocrine metaplasia originates at the lobular 
part of the TDLU and is associated with a dilata-
tion of fluid-filled acini. Epithelial changes are 
also present—however, at the absence of atypias, 
this lesion is not considered premalignant and 
carries a breast cancer risk, similar to that of 
other fibrocystic changes (Warner et  al. 1998). 
Clustered microcysts are the imaging hallmark of 
apocrine metaplasia (Fig.  32), whereas thick- 
walled complex cystic and solid lesions may also 
be encountered (Doshi et  al. 2007). The usual 
MG appearance is that of a circumscribed, micro- 
or microlobulated, hypodense mass, while the 
presence of milk of calcium is possible. Papillary 
apocrine metaplasia represents a specific sub-
type of apocrine metaplasia, where the apocrine 
cells form papillary projections into the ducts 
(Ha et al. 2018). This condition is considered as 
an early, premalignant lesion (Kosemehmetoglu 
and Guler 2010). At US, it may sometimes have 
the appearance of a cluster of microcysts; how-
ever, it more usually presents with solid compo-
nents or an intracystic mass, in the sense of a 
complex cystic and solid lesion.

Small (<8  mm) or deep-lying simple cysts 
may present with artifactual internal echoes 
(Berg et al. 2006b), making the differentiation 
from a complicated cyst difficult. Harmonic or 
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Fig. 32 Clustered microcysts. B-mode US without (a) and with (b) harmonic imaging. Harmonics aid in the character-
ization of the individual cystic components

compound imaging may help reduce these arti-
factual echoes, aiding in establishing the cor-
rect diagnosis. Moreover, adjacent simple cysts 
may sometimes be difficult to differentiate 
from clustered microcysts, although this differ-
entiation is of little clinical importance 
(Fig. 34).

The debris inside a complicated cyst may 
sometimes adhere to its wall, thus resembling an 
intracystic mass. Moving the patient to the lateral 
decubitus position will sometimes make the 
debris to move (Athanasiou et al. 2014). If this 
does not happen, a contrast medium (either in US 
or in MRI) may be applied. In that case, solid 
components will demonstrate enhancement 
whereas debris not (Fig. 20).

Fibroadenomas are the most usual US differ-
ential diagnosis of complicated cysts with homo-
geneous, low-level echogenicity. They typically 
present as oval, circumscribed hypo- or isoechoic 
lesions, possibly with posterior enhancement. 
The detection of internal vascularity or coarse 
calcifications can help differentiate them from a 
truly cystic lesion. Less often, they may present 
as predominantly solid masses with smaller cys-
tic parts and thus resemble a type IV complex 
cystic and solid lesion (Fig. 35).

Fibrocystic changes have a wide imaging 
spectrum, including simple and complicated 
cysts or clustered microcysts, or even complex 

cystic and solid lesions of all four types (Fig. 31) 
(Berg et al. 2003).

Galactoceles typically present as complicated 
cysts (Fig. 36). They arise due to the retention of 
milklike, fat-containing fluid, resulting from the 
obstruction of a duct, and are commonly found 
during pregnancy or breastfeeding (Salvador 
et  al. 1990). At US, they usually contain echo-
genic fat plugs, whereas a fat-fluid level is com-
mon, with fat in the nondependent portion of the 
cyst. Sometimes, they may appear as a homoge-
neous iso- to hypoechoic lesion, which makes 
differentiation from a solid mass difficult. In MG, 
the demonstration of a fat-fluid level on a true lat-
eral projection, with radiolucent fat in the cranial 
portion of the lesion, is pathognomonic. At MRI, 
the presence of fat leads to hyperintense parts in 
T1w sequences, which are hypointense with fat 
suppression.

Postoperative or posttraumatic hematomas 
usually present as complicated or even complex 
cystic and solid lesions (Fig. 18). Their appear-
ance changes over time due to different degrees 
of blood liquefaction, and they contain different 
amounts of both serum and clot, while fibrin 
strands may also be seen (Athanasiou et al. 2014). 
In the hyperacute phase, they are anechoic, while 
they demonstrate increasingly echogenic content 
as the clot develops in the acute phase. In the sub-
acute phase, they usually become heterogeneous 
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Fig. 36 Twenty-seven-year-old lactating woman present-
ing with a palpable lump in the right breast. B-mode US 
shows a complicated cyst with small echogenic foci due to 
lipid content. The imaging findings are typical of a 
galactocele

Fig. 35 Twenty-three-year-old woman with bilateral 
breast implants and a new palpable lump in the right 
breast. B-mode US shows a type IV complex cystic and 
solid lesion with central cystic spaces. The lesion proved 
to be a fibroadenoma after US-guided biopsy

Fig. 34 Abutting simple cysts, presenting as clustered 
microcysts

Fig. 33 Forty-two-year-old woman presenting with a 
palpable, painful lump in the left breast with associated 
skin thickening and redness. Doppler US demonstrates a 
subcutaneous abscess, presenting as a complicated cyst 
with peripheral hyperemia. Fine needle aspiration yielded 
pus

hyperechoic lesions, possibly with mural nod-
ules, while their appearance in the chronic phase 
is variable (Berg et al. 2006a). The signal inten-
sity of hematomas on MRI follows that of aging 
blood products. Without the appropriate history 
of a recent trauma or intervention, differentiation 
from a malignancy may prove difficult.

Juvenile papillomatosis usually presents as 
clusters of multiple cysts with thick walls and 
thick septations, an appearance which has given 
rise to the term “Swiss cheese disease” (Chung 
et al. 2009). Since papillomatosis presents a high- 
risk lesion, surgical removal is indicated 
(Athanasiou et  al. 2014; Chung et  al. 2009) 
(Fig. 37).

Oil cysts (or fat necrosis) occur after trauma 
or surgery and contain liquefied fat, due to a local 
destruction of adipocytes. Their most usual US 
appearance is that of a heterogeneous complex 
cystic and solid lesion (Fig.  19), although they 
may occasionally appear as complicated cysts 
(with either homogeneous low-level echoes or a 
fluid-debris level) and—sometimes—a rim calci-
fication. They may even be anechoic, resembling 
a simple cyst. The variable US morphology cor-
relates with the degree of liquefaction of their 
fatty content (Harvey et  al. 1997) and usually 
makes the correct diagnosis challenging. The 
accompanying postoperative scar and the lack of 
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c e

Fig. 37 A case of 
biopsy-proven juvenile 
papillomatosis in a 
23-year-old woman with 
a palpable abnormality 
in the right breast. 
B-mode US (a) 
demonstrates an area 
with multiple small 
cysts, with internal 
echoes and thick 
septations between 
them. In MRI, the 
pre-contrast T1w (b TR: 
4.68, TE: 1.65, DIXON 
technique, water-only 
image) and the T2w (c 
TR: 5360, TE: 188) 
images show the small 
cysts with different 
signal intensities, due to 
the bloody content of 
some. After IV contrast 
administration (d venous 
phase, DIXON 
technique, water-only 
image and e venous 
phase, subtraction 
image), the same area 
shows a diffuse 
non-mass enhancement 
and some of the cystic 
walls enhance. However, 
no signs of intracystic 
enhancement are 
evident. This appearance 
has given rise to the 
term “Swiss cheese 
disease”

Cystic and Complex Cystic and Solid Lesions



328
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Fig. 38 MRI appearance of an oil cyst in the right breast 
of a 46-year-old woman with a history of a car accident 
2 years ago. The pre-contrast T1w image (a TR: 4.68, TE: 
1.65, DIXON technique, fat-only image) shows a hyperin-
tense lesion (due to the presence of fat) with a smooth 
hypointense rim. With fat suppression (b TR: 4.68, TE: 
1.65, DIXON technique, water-only image), the fatty con-

tent appears hypointense, whereas in the T2w image (c 
TR: 5360, TE: 188), it is heterogeneously hyperintense, 
however less than in the T1w image. After IV contrast 
administration (d late arterial phase, subtraction image), 
there is a smooth, thin rim enhancement with no enhance-
ment of the fatty content

internal vascularization may be helpful in order 
to establish the diagnosis of an oil cyst. At MG, 
they typically appear as a lucent mass with a thin 
wall, which over time calcifies. MRI can also be 
helpful in detecting the fatty content of an oil 
cyst, in cases of a diagnostic dilemma (Fig. 38).

Papillary breast lesions usually appear as 
intracystic or intraductal solid masses (Figs.  39 
and 40). These comprise a wide pathological 
spectrum, from benign papillomas to papillomas 
with atypias or DCIS or even papillary carcino-
mas (Collins and Schnitt 2008). Papillary lesions 

may be solitary or multiple and usually present 
with bloody or clear nipple discharge (Jagmohan 
et al. 2013). Both benign and atypical papillomas 
represent lesions of unknown malignant poten-
tial. Therefore, the current standard practice is 
their complete surgical excision (Athanasiou 
et  al. 2014; Jagmohan et  al. 2013). Intracystic 
papillary carcinomas are quite unusual, repre-
senting 0.6–1% of all breast cancers (Athanasiou 
et al. 2014). The imaging differentiation between 
benign, atypical, and malignant papillary lesions 
is usually very difficult. Older age, large size, ill- 

P. Kapetas and T. Helbich



329

a

b

Fig. 39 US images of a benign (a) and an atypical (b) 
papilloma, both presenting as complex cystic and solid 
lesions in two different patients. An accurate differentia-
tion between benign, atypical, and malignant papillary 
lesions is often not possible by imaging

a b
Fig. 40 Fifty-two-year- 
old woman presenting 
with bloody discharge 
from the right nipple. 
MRI demonstrates an 
intracystic mass (type III 
complex cystic and solid 
lesion). The T2w image 
(a TR: 5360, TE: 188) 
shows the cystic part of 
the lesion as 
hyperintense and the 
solid one as isointense. 
After IV contrast 
administration (b late 
arterial phase, 
subtraction image), only 
the solid part enhances. 
US-guided biopsy 
showed a benign 
papilloma

defined margins, nonparallel orientation, 
increased vascularity with Doppler, areas of 
increased stiffness in elastography, and associ-
ated calcifications are more usual in malignant 
lesions (Jagmohan et al. 2013; Kim et al. 2008; 
Lam et al. 2006).

Occasionally, a papilloma may bleed inside a 
cystic formation. In such a case, blood may 
obscure the solid part and the lesion may present 
as a complicated cyst. Doppler will sometimes 
demonstrate internal vascularity inside the solid 
papillary lesion; however, setting the correct 
diagnosis may prove difficult. MG cannot aid in 
the differentiation of intracystic masses, which 
appear as circumscribed tumors. However, at 
MRI, the solid parts demonstrate an avid 
enhancement and can be easily differentiated 
from the hemorrhagic component (Jiang et  al. 
2018).

Phyllodes tumors typically present as predom-
inantly solid masses with peripheral macrocysts 
or slit-like cystic clefts (Liberman et  al. 1996; 
McCarthy et  al. 2014) (Fig.  41). They can be 
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Fig. 41 Fifty-six-year-old woman presenting with a pal-
pable lump in the left breast. B-mode US shows a type IV 
complex cystic and solid lesion with several slit-like cys-
tic clefts. US-guided biopsy showed a benign phyllodes 
tumor

Fig. 42 Forty-seven-year-old woman presenting with a 
palpable, painful lump in the left breast. US shows a com-
plex cystic and solid lesion with thick septations, possibly 
an intracystic mass, and an indistinct margin. Notice the 
movement of fluid demonstrated as an artifact (blue color) 
due to the energy imparted by color Doppler. US-guided 
biopsy demonstrated a ruptured and inflamed cystbenign, borderline, or malignant and are charac-

terized by a rapid growth. In imaging, the first 
two categories can usually not be differentiated 
from fibroadenomas, while malignant tumors 
usually have an indistinct or microlobulated mar-
gin and high vascularity in Doppler. Surgical 
management is until today the mainstay (Mishra 
et al. 2013).

Ruptured or inflamed cysts may sometimes 
present as complicated cysts with internal echoes. 
However, the cystic wall is usually—at least par-
tially—thickened and the lesion margin indis-
tinct, thus resembling a complex cystic and solid 
lesion (Figs. 15 and 42). Doppler usually demon-
strates peripheral hyperemia. At MRI, the pres-
ence of a smooth, thin rim enhancement is 
typical, differentiating them from a malignant 
necrotic tumor (Wang et al. 2014).

Postoperative seromas usually present as sim-
ple cystic lesions at the lumpectomy or mastec-
tomy site, possibly with floating fibrin strands 
(Berg et  al. 2006a). However, a thick, irregular 
wall or thick internal septations may also be evi-
dent, thus having the appearance of a complex 
cystic and solid lesion (Fig.  18) (Athanasiou 
et  al. 2014). Clinical information will aid in 
establishing the correct diagnosis in cases of a 
diagnostic dilemma.

3.2  Malignant Lesions

Malignancies are normally easily differentiated 
from simple or complicated cysts. High-grade 
invasive ductal carcinomas are often markedly 
hypoechoic and may resemble a cystic lesion. 
However, the tumor margins are usually indis-
tinct. Doppler will also often demonstrate vessels 
inside the tumor. At MG, a hyperdense mass with 
(usually partially) non-circumscribed or even 
spiculated margins will be seen. Suspicious 
microcalcifications may also be evident within or 
around the tumor. At MRI, rim enhancement and 
washout kinetics in a partially non-circumscribed 
or spiculated mass will point to the malignant 
diagnosis. More details on the MG and MRI find-
ings of breast malignancies can be found in the 
corresponding chapters.

On the other hand, complex cystic and solid 
lesions have a considerable probability of corre-
sponding to a malignant tumor, variable accord-
ing to their type (up to 30% for types I and II, 
22% for type III, and 18–62% for type IV) (Berg 
et al. 2003; Chang et al. 2007). They usually rep-
resent high-grade, necrotic invasive ductal or 
(rarely) lobular carcinomas (Figs. 22, 26, 43, 44, 
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b

Fig. 43 Seventy-four-year-old woman presenting with a 
palpable lump in the left breast. B-mode US (a) shows a 
type IV complex cystic and solid lesion with central cystic 
areas corresponding to necrosis. Elastography (b) demon-
strates high stiffness in the solid parts and softer necrotic 
parts of the tumor. US-guided biopsy showed a grade 2 
invasive carcinoma of no special type

Fig. 44 Thirty-eight-year-old woman presenting with a 
rapidly growing palpable tumor in the left breast. B-mode 
US shows a large complex cystic and solid lesion with 
indistinct margins, a thick wall, and thick septations. 
US-guided biopsy demonstrated a triple-negative grade 3 
necrotic invasive carcinoma of no special type. In cases of 
very large tumors (larger than the footprint of the trans-
ducer), a panoramic image can aid in depicting the whole 
mass

and 45), DCIS, as well as other, less usual types 
of breast cancer [medullary, mucinous, metaplas-
tic, or papillary (Fig. 46) carcinomas, malignant 
myoepithelial or phyllodes tumors, etc.], sarco-
mas, infiltrated lymph nodes, and breast metasta-
ses from other tumors (Athanasiou et  al. 2014; 
Berg et al. 2003; Chang et al. 2007; Rinaldi et al. 
2010).

4  Conclusion

Cysts are the most usual breast pathology, usu-
ally presenting as a mass in MG. However, MG 
cannot differentiate between cystic and solid 
lesions. US has been traditionally used for the 
identification of breast cysts with a high diagnos-
tic accuracy. MRI is not usually necessary for the 
characterization of cystic breast lesions. In cases 
of doubt regarding the presence of solid parts, an 
US-guided FNA and/or biopsy should be 
performed.

Simple breast cysts are benign findings and 
should be classified as BI-RADS 2, whereas for 
complicated cysts and clustered microcysts 
BI-RADS 3 is an appropriate recommendation. 
Finally, complex cystic and solid lesions should 
be classified as BI-RADS 4, since they are poten-
tially malignant. In this case, an image-guided 
biopsy is warranted. For small intracystic masses 
or lesions with a thick wall or thick septations, 
VAB should be considered. The biopsy site 
should always be marked with a clip for future 
reference.
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Fig. 45 Forty-seven-year-old woman presenting with a 
palpable lump in the medial right breast. At MRI, the pre- 
contrast T1w image (a TR: 4.68, TE: 1.65, DIXON tech-
nique, fat-only image) shows a lobulated, heterogeneous 
lesion. The necrotic center and the surrounding edema are 
better appreciated in the T2w image (b TR: 5360, TE: 
188). In the ADC map (c), the solid peripheral parts of the 

tumor demonstrate low values, due to restricted diffusion, 
whereas the necrotic center is more hyperintense. After IV 
contrast administration (d early arterial phase, subtraction 
image), areas of necrosis do not enhance, in contrast to the 
tumor periphery. US-guided biopsy showed a necrotic, 
grade 3 invasive carcinoma of no special type

P. Kapetas and T. Helbich



333

Fig. 46 US image of a type IV complex cystic and solid 
lesion corresponding to a small invasive papillary carci-
noma in the left breast of a 56-year-old woman, referred 
from screening. Doppler fails to demonstrate any vascu-
larity inside or around the tumor
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Abstract

High-risk lesions of the breast comprise a 
broad variety of diseases, which remain 
poorly understood. These lesions include 
atypical ductal hyperplasia, flat epithelial 
atypia, lobular neoplasia, papillary lesions, 
phyllodes tumor, radial scar, complex scle-
rosing lesions, and other rare entities. 
Diagnosis is frequently made by needle 
biopsy under ultrasound, stereotactic, or 
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magnetic resonance imaging guidance as 
these lesions lack specific diagnostic imag-
ing features. They are also referred to as B3 
lesions, which histopathologically are lesions 
of unknown biological potential; that is, they 
are non-obligate precursors of malignancy 
and risk indicators with an increased possi-
bility of developing breast cancer in any 
location of the same or the contralateral 
breast. The management of these lesions is 
challenging; a wide spectrum of therapeutic 
options are available to women to limit 
potential overtreatment in patients at low 
risk. The aim of this chapter is to provide a 
comprehensive overview of the different 
high-risk lesions. We review their character-
istics with respect to histopathology and 
imaging phenotypes and discuss the role of 
the individual imaging modalities in this con-
text. We detail the prognosis for the different 
high-risk lesions and current guidelines for 
management. We further discuss other thera-
peutic options for the women diagnosed with 
these lesions, such as chemoprevention. 
Finally, we discuss the strategies the multi-
disciplinary team may adopt to find an indi-
vidually adapted and optimized treatment for 
each patient diagnosed with a high-risk 
lesion.

Abbreviations

ADH Atypical ductal hyperplasia
ALH Atypical lobular hyperplasia
CNB Core needle biopsy
CSL Complex sclerosing lesion
DBT Digital breast tomosynthesis
FEA Flat epithelial atypia
LCIS Lobular carcinoma in situ
LN Classical lobular neoplasia
MRI Magnetic resonance imaging
PL Papillary lesions
PT Phyllodes tumor
RS Radial scar
VAB Vacuum-assisted biopsy
VAE Vacuum-assisted excision

1  Introduction

High-risk lesions are a heterogeneous group of 
breast diseases that carry a low risk of malig-
nancy, ranging between 0.2% and 5% (Vizcaíno 
et al. 2001; D’Orsi et al. 2013).

Systematic mammography screening has con-
tributed to a two- to fourfold increase in the inci-
dence of these lesions over the last few decades 
(Fisher et al. 1996; Philpotts et al. 2000; Li et al. 
2006; Portschy et  al. 2013; Hoffmann et  al. 
2016). Based on suspicious findings, image- 
guided biopsies are performed by either core 
needle biopsy (CNB) or vacuum-assisted biopsy 
(VAB) under ultrasound, stereotactic, or mag-
netic resonance imaging (MRI) guidance. Up to 
14% of these biopsies yield the definitive diagno-
sis of lesions of uncertain potential, i.e., histo-
pathological B3 lesions. B3 lesions are also 
found on surgically excised specimens sporadi-
cally (Bahl et al. 2017; Allison et al. 2015; Eby 
et al. 2009; Graf et al. 2004, 2007; Gruber et al. 
2013; Riedl et al. 2007).

Following the diagnosis of a high-risk lesion, 
due to their variable biologic profiles and their 
potential to be histologically upgraded to ductal 
carcinoma in situ (DCIS) or invasive cancer, sur-
gical excision is frequently adopted to treat these 
lesions (Kohr et al. 2010; Liberman et al. 1999; 
Foster et  al. 2004; Lourenco et  al. 2014). 
However, a lack of consensus exists regarding the 
proper management of these lesions, and the final 
treatment decision remains a challenging task for 
the multidisciplinary team. The steady develop-
ment in percutaneous breast biopsy procedures, 
from VAB in the late 1990s to percutaneous 
 excisional devices such as the intact breast lesion 
excision system since, has questioned the role of 
surgery as the uniquely available treatment for 
these lesions (Kohr et al. 2010; Liberman et al. 
1999; Foster et al. 2004; Lourenco et al. 2014). 
Vacuum-assisted excision (VAE), i.e., excision of 
a breast lesion with VAB, is currently considered 
the method of choice for secondary assessment 
of most B3 lesions. The aim of VAE is to remove 
the lesion in its entirety, but in lesions larger than 
20  mm, it is difficult to ensure complete sam-
pling. Thus, in many high-risk lesions, these less 
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invasive procedures might be sufficient for thera-
peutic excision (Alonso-Bartolomé et  al. 2004; 
Saladin et al. 2016; Rageth et al. 2016).

The aim of this chapter is to provide the 
reader with a complete overview on the diagno-
sis and management of lesions classified as bor-
derline (B3) with an uncertain potential of 
malignancy. We treat each entity separately 
according to its histologic diagnosis, giving 
insight into the histopathologic aspects, immu-
noprofile features, when possible, and prognosis. 
We outline the salient diagnostic features of 
these lesions on mammography, ultrasound, and 
MRI. Further, we review the recently published 
literature and introduce guidelines proposed by 
the First International Consensus Conference on 
B3 lesions and the NHS Breast Screening multi-
disciplinary working group (Rageth et al. 2016; 
Pinder et al. 2018). Finally, we stress the impor-
tance of strategies that multidisciplinary team 
could adopt to allow optimized treatment to 
avoid overtreatment in women with low-risk B3 
lesions.

2  Histopathologic 
Characteristics, Prognosis, 
Diagnosis, and Management 
of High-Risk Lesions 
of the Breast

High-risk lesions are represented by a broad vari-
ety of histologic diagnoses including atypical 
ductal hyperplasia (ADH), flat epithelial atypia 
(FEA), lobular neoplasia (LN), papillary lesions 
(PLs), phyllodes tumor (PT), radial scar (RS), 
complex sclerosing lesions (CLS), and some 
other rare entities (Rageth et  al. 2016; Lakhani 
et al. 2012). According to European guidelines, 
the term B3 should be used when the entities are 
diagnosed at needle biopsy. The categories B1–
B5 provide a systematic communication between 
pathologists, clinicians, and radiologists (Perry 
et al. 2008).

B3 lesions are defined as benign lesions of 
unknown biological potential because they may 
occur within or in the periphery of DCIS or inva-
sive breast cancer. B3 lesions are also considered 

a non-obligate precursor of malignancy because 
they might develop into higher grade lesions. 
Finally, some B3 lesions function as risk indica-
tors with an increased possibility of a breast can-
cer diagnosis in any location within the same 
breast or within the contralateral breast 
(Heywang-Köbrunner et al. 2010).

2.1  Atypical Ductal Hyperplasia

Atypical ductal hyperplasia (ADH) is an intra-
ductal proliferative lesion. In this respect, it 
bears similarities to usual ductal hyperplasia 
(UDH) and DCIS. ADH is found in up to 4% 
of breast biopsies for palpable masses and in 
31% for microcalcifications (Purushothaman 
et al. 2016). ADH is seen in women spanning 
a wide age range of seven to eight decades 
postadolescence (Lakhani et al. 2012). Despite 
being exceedingly rare (<1%) in males under-
going reduction mammoplasty for gynecomas-
tia, ADH is also seen (Myers and Bhimji 
2017).

Histopathology ADH typically originates in the 
terminal-duct lobular unit, similar to UDH and 
DCIS, and is confined to the mammary ductal- 
lobular system (Lakhani et  al. 2012). Usually, 
homogeneous involvement of less than two 
membrane- bound spaces and a size ≤2 mm serve 
as the histopathologic diagnostic criteria for 
ADH (Clauser et al. 2016). The pathologic dis-
tinction between ADH and either low-grade 
DCIS or FEA can be challenging. Over the last 
decade, the ductal intraepithelial neoplasia 
(DIN) system classification has slowly gained 
ground and has shown to be useful for decreas-
ing the confusion in distinguishing between 
these different lesion types; for instance, DIN 
limits the term “carcinoma” to invasive tumors 
(Tavassoli and Devilee 2003; Galimberti et  al. 
2013). DIN1A corresponds to FEA, which has 
an extremely low risk of local recurrence and 
progression to invasive cancer; DIN1B corre-
sponds to ADH, which shares some but not all 
the features of low- or intermediate-grade DCIS; 
and DIN1C corresponds to grade 1 DCIS. DIN2 
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Table 1 Histopathological classification of ductal 
intraepithelial neoplasia (DIN) and lobular intraepithelial 
neoplasia (LIN)

Traditional histopathological 
classification

Ductal 
intraepithelial 
neoplasia (DIN) 
classification

Flat epithelial atypia DIN1A
Atypical ductal hyperplasia 
(ADH)

DIN1B

Low-grade DCIS (G1) 
cribriform or micropapillary

DIN1C

Intermediate-grade DCIS (G2) 
cribriform or micropapillary 
with necrosis or atypia or other 
types

DIN2

High grade (G3) with or 
without necrosis

DIN3

Traditional histopathological 
classification

Lobular 
intraepithelial 
neoplasia (LIN) 
classification

Atypical lobular hyperplasia LIN1
Classic-type LCIS LIN2
High-grade or pleomorphic 
LCIS

LIN3

corresponds to grade 2 DCIS. DIN3 corresponds 
to grade 3 DCIS (Galimberti et  al. 2013) 
(Table  1). At the same time, morphologic and 
molecular studies have supported a model of 
breast cancer development in which ADH is a 
non-obligate precursor of low-grade DCIS and 
invasive carcinoma (Nutter et al. 2017; Buckley 
et al. 2015; Collins et al. 2007, 2016; Hartmann 
et al. 2015, 2014).

Immunoprofile A variety of biomarkers have 
been studied, but none have been validated for 
clinical use for ADH. ADH typically shows cells 
that are positive for estrogen receptor but nega-
tive for high-molecular-weight keratins (such as 
keratin 5/6) (Lakhani et al. 2012). ADH shows an 
identical immunoprofile and low number of chro-
mosomal abnormalities to low-grade DCIS, 
which confirms a progression between the two 
entities, i.e., from ADH to DCIS. ADH may be 
contained in fibroadenomas, papillomas, radial 
scars, or benign changes (Heywang-Köbrunner 
et al. 2010).

Prognosis ADH is associated with a moderately 
increased risk for invasive breast cancer, with a 
relative risk between 3.0 and 5.0 for both breasts 
(Kohr et al. 2010; Clauser et al. 2016). It is thus 
more likely to be a precursor lesion than UDH, 
which has a relative risk of 1.5. In up to 69% of 
cases, moderate- or high-grade invasive ductal 
breast cancers are associated with ADH. The risk 
is twice as high in the ipsilateral as in the contra-
lateral breast (Hartmann et al. 2014).

Imaging Findings ADH has been reported in 
2–11% of abnormal mammographic findings; 
ADH most commonly presents as microcalcifi-
cations on the mammogram (Clauser et al. 2016; 
Jackman et al. 2002). Often, the microcalcifica-
tions are amorphous; sporadically, they are 
coarse heterogeneous or fine pleomorphic 
(Fig. 1a–c). Their distribution may be grouped, 
linear, or regional. ADH may also present as a 
mass with or without associated microcalcifica-
tions (Heywang-Köbrunner et  al. 2010). On 
ultrasound, the evidence concerning ADH is 
limited. According to Mesurolle et  al. (2014), 
ADH may present as a hypoechoic mass with an 
irregular shape, microlobulated margins, no 
posterior acoustic feature, abrupt interface, and 
parallel orientation. Usually, however, there is 
no clear ultrasound correlate (Clauser et  al. 
2016) (Fig.  1d). With the increasing use of 
breast MRI, ADH is now a relatively common 
finding at MRI-guided biopsy, found in up to 
21% (Riedl et al. 2007; Lourenco et al. 2014). 
On MRI, a mass or non-mass enhancement 
might be associated with ADH, with ADH hav-
ing a slight  predilection for non-mass enhance-
ment (Lourenco et al. 2014; Heller et al. 2013, 
2014).

Management Currently, open surgery remains 
the recommended option to rule out concomitant 
malignant lesions when there is a histologic diag-
nosis of ADH (Rageth et al. 2016). This is mainly 
due to the still high underestimation rate for 
ADH, ranging from 9% to 65% for all needle 
biopsies, either CNB or VAB (Jackman et  al. 
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a

d

b c

Fig. 1 Forty-one-year-old patient without a family his-
tory of breast cancer. (a–c) Screening mammography of 
the left breast: (a) craniocaudal projection, (b) 
mediolateral- oblique projection, and (c) magnification 
view. (a, b) There are scattered areas of fibroglandular 
density (ACR BI-RADS density class b) demonstrating 
fine linear and fine pleomorphic microcalcification (red 

circle) better depicted in (c) the magnification view 
(BI-RADS 4b). (d) B-mode ultrasound shows no correlate 
to the microcalcifications seen in the mammogram. 
Therefore, a vacuum-assisted biopsy under stereotactic 
guidance was performed. Final histopathology: areas of 
usual ductal hyperplasia (DIN1A) and atypical ductal 
hyperplasia (DIN1B)

2002; Houssami et  al. 2007; AGO 2016). 
Although the rate is lower for VAB, studies dem-
onstrated underestimation rates of up to 17% 
even when no residual microcalcifications are 
present (Kohr et al. 2010; Forgeard et al. 2008; 

McGhan et  al. 2012; Villa et  al. 2011). Several 
studies have investigated the possible histopatho-
logic and imaging characteristics that can safely 
warrant a follow-up and spare open surgery 
(Hong et al. 2011; Allison et al. 2011; Elsheikh 
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and Silverman 2005; Ancona et al. 2011; Caplain 
et al. 2014; Linda et al. 2010). In order to suggest 
follow-up instead of open surgery, several histo-
pathologic characteristics should be considered 
such as the number of ADH foci related to the 
number of specimens involved, size of ADH, and 
micropapillary type. On imaging, especially 
mammography, factors that should be considered 
are the lesion type (microcalcifications versus 
mass), lesion diameter, complete removal of 
microcalcification clusters or complete removal 
of the target lesion, type of needle used to per-
form the biopsy, and age of the patient at the time 
of diagnosis (Clauser et al. 2016; Ancona et al. 
2011; Caplain et al. 2014). The First International 
Consensus Conference on B3 lesions and the 
NHS working group stated that in cases of a com-
pletely removed unifocal ADH, a careful follow-
 up is justified. In all other cases, diagnostic 
surgical excision is mandatory (Table 2) (Rageth 
et al. 2016).

2.2  Flat Epithelial Atypia

Flat epithelial atypia (FEA) is also known as 
“columnar cell change with atypia” or “cell 
hyperplasia with atypia.” It is found in 1–2% of 
benign breast biopsies and is thus fairly rare 
(Mooney et  al. 2016; Said et  al. 2015). When 
diagnosed, it is frequently associated with other 
high-risk lesions such as ADH, atypical lobular 
hyperplasia (ALH), and lobular neoplasia (LN). 
It can co-occur in “in situ” or in invasive breast 
cancers, typically tubular carcinoma (Schnitt and 
Vincent-Salomon 2003; Rudin et al. 2017).

Histopathology FEA is a neoplastic alteration 
characterized by a replacement of native epithe-
lial cells that lack polarity in the terminal-duct 
lobular unit. The atypical cells may be cuboidal 
or columnar; bridges and micropapillary forma-
tions are usually absent, hence the name “flat.” 
Involved terminal-duct lobular units have acini 
that are variably distended and that may contain 
secretory or floccular material with microcalcifi-
cations (Lakhani et  al. 2012). According to the 
degree of architectural atypia, i.e., no atypia, 
atypia, or DCIS, several entities can be identified: 
columnar cell change, composed of a single layer 
of columnar cells; columnar cell hyperplasia, 
made of multiple layers with stratification and 
apical tufting; and FEA (Schnitt and Vincent- 
Salomon 2003; Pandey et al. 2007).

Immunoprofile The cells of FEA are strongly 
and diffusely positive for estrogen receptor and 
are negative for low-molecular-weight cytokera-
tins (Rageth et  al. 2016; Lakhani et  al. 2012; 
Tavassoli and Devilee 2003).

Prognosis FEA is of great scientific interest as 
the morphologic spectrum of intraductal prolif-
erations shows a continuum from FEA to ADH 
and low-grade DCIS. The relative risk of breast 
cancer is 1–2 times for women with FEA com-
pared with women without FEA, which is sub-
stantially lower than that of ADH and ALH. In up 
to 40% of cases, FEA is eventually upgraded, and 

Table 2 Consensus recommendations for the manage-
ment of B3 lesions (Modified from Rageth CJ et al. Breast 
Cancer Res Treat (2016) 159:203–213)

High-risk lesion Management
Lobular 
neoplasia (LN)

Open excision or VAB
If after VAB, the lesion has been 
radiologically removed, follow up

Atypical ductal 
hyperplasia 
(ADH)

Open excision or VAB.
VAB is suggested in unifocal ADH 
in small lesions
If the lesion has been removed 
completely and only focal ADH 
with calcifications exists, 
surveillance could be justified

Flat epithelial 
atypia (FEA)

Open excision or VAB.
If after VAB, the lesion has been 
radiologically removed, follow up

Papillary lesion 
(PL)

VAB or open excision
Open excision recommended for 
large, symptomatic, and peripheric 
papillomas

Phyllodes 
tumor (PT)

Open excision
If diagnosis made by VAB and the 
lesion has been radiologically 
removed, follow up

Radial scars 
(RS)

VAB or open excision
If after VAB, the lesion has been 
radiologically removed, follow up
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usually ADH and DCIS are the most frequent 
pathologies following surgical excision 
(Darvishian et  al. 2009; Ingegnoli et  al. 2010; 
Senetta et  al. 2009; Piubello et  al. 2009). The 
underestimation rate of FEA at both CNB and 
VAB ranges from 0% to 21% (Rageth et  al. 
2016).

Imaging Findings FEA is usually detected as 
fine amorphous or branching microcalcifications 
with associated marked duct dilatation (Heywang- 
Köbrunner et al. 2010; Pandey et al. 2007; Senetta 
et al. 2009; Fraser et al. 1998) (Fig. 2). On ultra-
sound, the evidence concerning FEA is limited. 
Occasionally, FEA can appear as a nonspecific 
mass with or without microcalcifications. Yu 
et al. investigated possible predictors of underes-
timation of malignancy after core needle biopsy 
of FEA or ADH. In their cohort of 128 FEA, they 
found that masses with calcifications discovered 
on ultrasound were associated with an underesti-
mation rate of up to 46.2% (Yu et al. 2015). No 
specific predictive morphologic or kinetic MRI 
characteristics or imaging features have been 
found that could reliably exclude malignancy 
(Crystal et al. 2011; Malhaire et al. 2010; Heller 
and Moy 2012).

Management Currently, several guidelines rec-
ommend that surgical excision for FEA is only 
needed under specific conditions (Rageth et  al. 
2016; AGO 2016; National Comprehensive 

Cancer Center 2017). The Arbeitsgemeinschaft 
Gynäkologische Onkologie (AGO) recommends 
surgery if there is radio-pathological discrepancy, 
if the lesion is visible on imaging and the imag-
ing classification is BI-RADS 4, if the lesion 
involves more than two terminal-duct lobular 
units, and if an imaging abnormality remains 
after VAB (AGO 2016). The First International 
Consensus Conference on B3 lesions recom-
mended therapeutic excision with VAB (Table 2) 
(Rageth et al. 2016). For the NHS group, surgical 
excision should be considered in the presence of 
architectural atypia at VAE (Pinder et al. 2018).

2.3  Lobular Neoplasia

Lobular neoplasia (LN) is both a risk indicator 
and a non-obligate precursor for breast cancer. 
LN is found in 0.5–4% of breast biopsies and 
occurs in premenopausal women predominantly 
(Lakhani et al. 2012; Choi et al. 2012). The lesion 
is multicentric in 85% of cases and bilateral in up 
to 67% of cases (Liberman et al. 1999).

Histopathology The term LN is used to charac-
terize all atypical epithelial lesions arising from 
the terminal-duct lobular unit that are character-
ized by a proliferation of generally small, non- 
cohesive cells, with or without pagetoid 
involvement of the terminal ducts (Lakhani et al. 
2012). The term was introduced after two studies 
found that subdividing these findings into LCIS 
or ALH did not have prognostic significance. The 

a b c

Fig. 2 Forty-three-year-old patient without a family his-
tory of breast cancer. Ultrasound of the right breast (a). In 
the retroareolar region, ultrasound shows several simple 
cysts associated with a hypoechoic area, non- circumscribed 
with nonparallel orientation and no posterior features. 
Dynamic multiparametric magnetic resonance imaging 

(MRI) of the breast: (b) dynamic contrast- enhanced sub-
tracted MRI and (c) apparent diffusion coefficient (ADC) 
map. There is a clumped non-mass enhancement with fast 
wash-in in the early phase and decreased ADC values 
(<1.2  ×  10−3  mm2/s). Final histology: atypical ductal 
hyperplasia and ductal carcinoma in situ
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World Health Organization (WHO) differentiates 
LCIS and ALH based on the extent of individual 
lobular unit involvement: LCIS involves more 
than half of the acini of a terminal-duct lobular 
unit, while ALH is typically less extended. 
Several variants of LCIS have been reported: (a) 
classic LCIS (type A or B); (b) florid LCIS, char-
acterized by marked cell expansion of the 
terminal- duct lobular unit with accompanying 
necrosis and calcifications; and (c) pleomorphic 
LCIS, characterized by marked nuclear pleomor-
phism. Classic LCIS is the most frequent variant 
and is considered to have an indolent behavior 
(Lakhani et al. 2012). Florid LCIS is associated 
with invasive cancer, commonly lobular cancer, 
in 40–67% of the cases (Bagaria et  al. 2011). 
Pleomorphic LCIS is considered the most aggres-
sive and has a similar biologic behavior to that of 
DCIS and therefore should not be considered as a 
B3 lesion (Rageth et al. 2016; Guo et al. 2017). 
The WHO more recently proposed the term lobu-
lar intraepithelial lesion (LIN), which can be 
classified as LIN1, -2, and -3, with LIN1 being 
equivalent to ALH, LIN2 to LCIS, and LIN3 to 
pleomorphic or extensive LN variants with or 
without necrosis. Current international recom-
mendations endorse the use of classical LN as B3 
and pleomorphic LCIS as B5a (Rageth et  al. 
2016; Lakhani et al. 2012; Thill et al. 2016). LN 
may also be associated with a variety of lesions, 
including sclerosing adenosis, radial scars, papil-
lary lesions, and fibroadenomas, and in some 
cases may be associated with collagenous 
spherulosis.

Immunoprofile Classic LN has an immunopro-
file similar to that of invasive lobular carcinoma 
and low-grade DCIS.  The majority of classic 
LNs (up to 90%) are positive for estrogen and 
progesterone receptors without overexpression of 
HER2 or p53 protein. Conversely, pleomorphic 
LCIS is usually negative for ER and positive for 
HER2 and p53 and Ki67 proliferative index 
(Lakhani et  al. 2012). LN typically lacks 
E-cadherin expression; hence, the absence of 
E-cadherin may be useful to differentiate LCIS 
from DCIS or to classify indeterminate lesions. 

As LN can express E-cadherin in rare cases, 
when a case cannot be definitively classified as 
LCIS or DCIS, a designation of “carcinoma in 
situ with mixed ductal and lobular features” 
should be rendered (Lakhani et al. 2012; Breier 
et al. 2014; Dabbs et al. 2013).

Prognosis Molecular analysis has demonstrated 
that LN is a clonal neoplastic proliferation and a 
precursor for invasive cancer. The relative risk of 
developing breast cancer for women with LN and 
women without LN is different for LCIS and 
ALH, 4–12 times and 4–5 times, respectively. 
According to several studies, the possibility of 
LCIS coexisting with DCIS is approximately 
21–22%, and the likelihood of LCIS developing 
into infiltrating ductal or lobular carcinoma is 
15% (Clauser et al. 2016; Choi et al. 2012; Guo 
et al. 2017; Stein et al. 2005). After the diagnosis 
of LN, the relative risk of developing cancer is 
1–2% per year, 15–17% after 15 years, and 35% 
after 35 years, with relatively equal rates in the 
ipsi- and contralateral breast (8.7% and 6.7%, 
respectively) (Rageth et  al. 2016; Heller et  al. 
2014; Choi et al. 2012; Rendi et al. 2012). The 
risk doubles with a family history of breast can-
cer (London et  al. 1992). Although all types of 
invasive carcinoma have been observed after a 
diagnosis of LN, invasive lobular carcinoma or 
special-type carcinomas are seen with higher fre-
quency than in the general breast cancer popula-
tion (Page et al. 1985).

Imaging Findings LN has been historically 
reported as an incidental lesion found on speci-
mens acquired for other reasons (Rageth et  al. 
2016). It does not show any specific features 
according to the BI-RADS lexicon (Ferré et  al. 
2017). LN is frequently mammographically 
occult and an incidental finding at routine screen-
ing mammograms, usually because of microcal-
cifications which can be seen in up to 84% of the 
cases (Rendi et  al. 2012; Choi et  al. 2011) 
(Fig. 3a, b). Microcalcifications associated with 
LN are usually amorphous with a grouped distri-
bution (D’Orsi et  al. 2013; Clauser et  al. 2016; 
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Fig. 3 Forty-nine-year-old woman at her second screen-
ing mammography round. (a) Craniocaudal and (b) 
mediolateral-oblique projections of the right breast show 
it to be heterogeneously dense (ACR-BI-RADS density 
class c). No lesions or suspicious microcalcifications are 
identified (BI-RADS 1). Ultrasound (c) B-mode, (d) color 
Doppler, and (e) elastography. (c) At 12’o clock of the 
right breast, B-mode ultrasound shows a 6 mm irregular- 

shaped lesion with non-circumscribed margins, vertical 
(nonparallel) orientation, and no posterior feature associ-
ated. (d) Color Doppler demonstrates absent vascularity. 
(e) Elasticity assessment with shear wave elastography 
shows stiffness of the small mass. The lesion is suspicious 
(BI-RADS 4c). Final histopathology: classic lobular car-
cinoma in situ (LCIS)

Cutuli et  al. 2015). Less frequently, LN can be 
seen as mass, architectural distortion, or asym-
metry. On ultrasound, LN may appear as an avas-
cular, irregular, hypoechoic mass with posterior 
shadowing (Choi et al. 2011; Cutuli et al. 2015; 
Scoggins et  al. 2013) (Fig.  3c–e). On contrast- 
enhanced breast MRI, the evidence is limited for 
LN, but non-mass enhancement seems to be the 
most frequent finding (Lourenco et  al. 2014; 
Heller et al. 2014; Sung et al. 2011).

Management The management of patients with 
LN diagnosed at core needle biopsy remains con-
troversial. Reported rates of an upgrade to cancer 
on excision vary widely due to variations in study 
design, ranging from 0% to 50% (Rageth et  al. 
2016; Lakhani et al. 2012). Current international 

recommendations suggest open surgical excision 
in the following cases:

 1. If there is another lesion which by itself would 
warrant excision

 2. If there is radio-pathological discordance
 3. If there is presence of another B3 lesion
 4. If there is a mass lesion on imaging

In addition, excision should be performed for 
classic LCIS with comedo-necrosis, bulky mass- 
forming LCIS lesions, and pleomorphic LCIS 
(Rageth et al. 2016; Lakhani et al. 2012).

Open surgical excision is not necessary if 
there is a complete concordance between histo-
pathology and imaging, if the imaging finding is 
classified as BI-RADS 3, or if LN is a focal find-
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ing and not associated with calcifications (Rageth 
et al. 2016; Lakhani et al. 2012; Thill et al. 2016).

The First International Consensus Conference 
on B3 lesions recommended that a lesion con-
taining a classical LN lesion, which is visible on 
imaging, should undergo therapeutic VAE 
(Rageth et al. 2016) (Table 2). For the NHS mul-
tidisciplinary group, diagnostic surgery is pro-
posed in case of radiological-pathological 
discordance or in cases of an upgrade to DCIS or 
invasive cancer. Otherwise, surveillance is 
justified.

2.4  Papillary Lesions

Papillary lesions (PLs) constitute less than 10% 
of benign and less than 1% of malignant breast 
disease. They are mostly seen in women between 
30 and 50  years and rarely in adolescents 
(Lakhani et al. 2012).

Histopathology PLs are breast lesions growing 
in the milk ducts. They are characterized by fin-
gerlike fibrovascular cores covered by an epithe-
lial and myoepithelial cell layer (Lakhani et  al. 
2012). The best-known entities of this heteroge-
neous group of lesions are papilloma; atypical 
papilloma; papillomatosis; papillary hyperplasia 
without atypia; papillary carcinoma, encysted; 
papillary carcinoma, invasive; micropapillary 
hyperplasia with atypia (ADH); micropapillary 
DCIS; and micropapillary invasive carcinoma 
(Rageth et  al. 2016; Lakhani et  al. 2012; Thill 
et al. 2016). The histological distinction between 
these entities is not always straightforward. 
Usually, they are divided into two main groups: 
central (solitary) papillomas that originate in the 
ducts of the subareolar region, sparing the 
terminal- duct lobular unit, and peripheral (multi-
ple) papillomas arising from the terminal-duct 
lobular unit and extending into the ducts (Nakhlis 
2018).

Prognosis For women with PLs, the risk of 
developing invasive breast cancer is twofold for 
central lesions and threefold for peripheral 

lesions. The risk can increase up to 7.5-fold in 
cases of papillomas with atypia (Lakhani et  al. 
2012). The risk of subsequent carcinoma and 
local recurrence is mostly associated with the 
coexistence of ADH or DCIS within the breast 
parenchyma surrounding the PL (Fisher et  al. 
2005). For PLs without atypia, the upgrade rate 
to malignancy after surgical excision ranges from 
0% to 12% when initially diagnosed at core nee-
dle biopsy (Nakhlis 2018; Nakhlis et  al. 2015), 
while no upgrade has been reported for when ini-
tially diagnosed at VAB (Wyss et al. 2014; Youk 
et  al. 2012; Mosier et  al. 2013). For PLs with 
atypia, the upgrade rate ranges from 21% to 72% 
when initially diagnosed at core needle biopsy 
and 0% to 28% when initially diagnosed at VAB 
(Yamaguchi et al. 2015; Rizzo et al. 2012).

Imaging Findings PLs can clinically present as 
palpable masses near the nipple or as serous, col-
ored, or hemorrhagic nipple discharge in 20–50% 
of cases (Hussain et  al. 2006). Papillomas can 
cause bloody nipple discharge as a result of the 
rotation of its stalk or as a result of irritation of 
the papilloma duct (Lakhani et  al. 2012). 
Frequently, PLs can be asymptomatic and 
detected randomly at routine breast cancer 
screening. Mammography has a low diagnostic 
sensitivity and specificity for PLs, with reported 
positive findings in less than 50% of patients 
(Hirose et al. 2007). Mammographic findings are 
nonspecific when visible: areas of increased den-
sity, a dilated duct, or a solitary mass with benign 
or malignant features. Therefore, the main role of 
mammography is to depict the presence of malig-
nant calcifications that may accompany a papil-
lary malignant lesion (Wei 2016). Galactography, 
which directly shows the discharging duct can-
nulated and opacified through contrast medium 
injection, has long been the gold standard for 
assessing nipple discharge (Van Zee et al. 1998; 
Tabár et al. 1983). However, its use has decreased 
due to the often aspecific findings, technical dif-
ficulties to cannulate the duct especially in 
patients with intermittent discharge or nipple 
retraction, low level of tolerance for patients, and 
issues related to radiation (Hou et  al. 2001; 
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Dawes et al. 1998). Breast ultrasound is of great 
value in the diagnosis of PLs, combining conven-
tional ultrasound, Doppler ultrasound, and elas-
tography (Ciurea et  al. 2015). US may 
demonstrate a solid round mass or masses with 
well-defined borders, an intracystic mass, or a 
hypoechoic, well-defined mass in a dilated duct 
(Fig. 4a). The fibrovascular stalk of a PL can fur-
ther be assessed at Color Doppler and power 
Doppler (Fig.  4b). Elastography can show 
increased stiffness of the area within the duct and 
can help in differential diagnosis, increasing the 
degree of suspicion for malignancy (Ballesio 
et al. 2007). MRI is useful when a papillary lesion 
is suspected based on other imaging techniques 
because of its ability to demonstrate ductal rela-
tion of the lesions and also its superior accuracy 
in diagnosing the extension of malignant lesions. 
MRI can be performed using a standard protocol 
including both unenhanced and contrast- 
enhanced sequences (Clauser et  al. 2016). 

Moreover, with 3D MRI ductography, dilated 
ducts are imaged as tubular structures with high 
signal intensity, and abnormalities are seen as a 
signal defect (Hirose et  al. 2007). On contrast- 
enhanced sequences, PLs often present as 
strongly enhancing, small, and well-defined mass 
lesions (Fig. 4c). In a retrospective study of 53 
patients with unilateral nipple discharge, 
Manganaro et  al. (2015) demonstrated that 
contrast- enhanced MRI is a valid tool to detect 
ductal pathologies in patients presenting with 
bloody or serous-bloody discharge with a higher 
sensitivity and specificity compared to 
galactography.

Management The management of PLs relies on 
many different factors, such as the time of diag-
nosis, lesion type, and presence of atypia, i.e., the 
presence or absence of atypia and coexistence of 
other high-risk lesions such as ADH or even con-

a c

b

Fig. 4 Fifty-five-year-old patient with a bloody nipple 
discharge of the left breast. (a) B-mode ultrasound shows 
dilated ducts filled with fluid and small (<6  mm) solid 
nodules at 7 o’clock of the left breast. (b) Power Doppler 
demonstrates a vascular stalk within one of these solid 
nodules. Ultrasound findings are suggestive of intraductal 

lesions with low suspicion of malignancy (BI-RADS 4a). 
(c) Dynamic contrast-enhanced subtracted MRI, axial 
plane. The oval-shaped masses are visible in the post- 
contrast images as enhancing masses (BI-RADS 4). Final 
histopathology: intraductal papillomas and 
papillomatosis
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comitant invasive or ductal in situ cancer. When 
PL with atypia is diagnosed by core needle 
biopsy, excision is generally recommended to 
rule out a concurrent malignant neoplasm (Wen 
and Cheng 2013; Khan et al. 2017). For PL with-
out atypia, recommendations for excision versus 
observation are variable (Wen and Cheng 2013; 
Khan et  al. 2017). Glenn et  al. (2015) investi-
gated the role of the size of the papilloma as an 
indicator for the need of surgery. They found that 
there is no size threshold below which a papil-
loma of the breast can be safely watched or 
ignored without risking a missed diagnosis of 
atypia or cancer. The First International 
Conference on B3 lesions recommended that in 
the case of a papillary lesion visible on imaging, 
a therapeutic excision with VAB should be per-
formed. Thereafter, surveillance is justified 
(Table  2). The suggested pathway for manage-
ment of patients with papillary lesions proposed 
by the NHS multidisciplinary group offers surgi-
cal excision after the first diagnosis.

2.5  Phyllodes Tumor

Phyllodes tumors (PTs) account for less than 1% 
of all primary tumors of the breast (Lakhani et al. 
2012; Buchanan 1995). Commonly, they occur in 
women aged 40–51  years, although in Asian 
countries the average age of occurrence is about 
25–30 years (Chua et  al. 1988). Malignant PTs 
develop on average 2–5 years later than benign 
PTs and are usually more frequent among 
Hispanics, especially those born in Central and 
South America. In men, isolated cases of PT have 
been found (Lakhani et al. 2012).

Histopathology PTs are considered part of 
fibro- epithelial neoplasms, together with fibroad-
enomas and hamartomas. PTs are thought to 
derive from the intralobular or peri-ductal stroma. 
Although the evidence for the direct evolution of 
PT from fibroadenomas is limited (Noguchi et al. 
1995), both PT and fibroadenomas possess 
molecular similarities in addition to bearing a 

striking morphological resemblance in some 
cases (Tan et  al. 2016). PTs are classified into 
benign, borderline, malignant, and peri-ductal 
stromal tumors based on the combination of his-
tological features, i.e., the degree of stromal cel-
lularity and atypia, stromal overgrowth, mitotic 
count, and nature of their tumor borders/margins 
(Lakhani et al. 2012). Benign and borderline PTs 
are considered as high-risk lesions, categorized 
as B3, and account for 63–78% and 11–30% of 
diagnosed PTs, respectively (Rageth et al. 2016). 
Benign PTs usually present higher stromal cellu-
larity than fibroadenomas, and necrosis may be 
seen in large tumors (Tan et  al. 2005). Benign 
lipomatous, cartilaginous, and osseous metapla-
sias have been reported in benign PTs. Benign 
PTs have well-circumscribed margins with pro-
trusive expansions, which may be left behind 
after surgical removal and serve as a source of 
local recurrence (Buchanan 1995; Duman et al. 
2016). Malignant PTs show marked nuclear pleo-
morphism of stromal cells, stromal overgrowth, 
increased diffuse stromal cellularity, and infiltra-
tive borders. Borderline PTs show a combination 
of histological characteristics found in malignant 
and benign PTs (Tan et al. 2012, 2016; Duman 
et al. 2016).

PTs have the potential for local recurrence but 
usually do not metastasize (Tan et al. 2012). Any 
PT that has recognizable epithelial elements may 
harbor DCIS, LN, or their invasive counterparts, 
although this is an uncommon finding (Lakhani 
et al. 2012).

Prognosis Most PTs behave in a benign fashion; 
the rate of potential metastases is about 2% or 
less. Local recurrences can occur in all PTs at an 
overall rate of 21%, ranging from 10% to 17%, 
14% to 25%, and 23% to 30% for benign, border-
line, and malignant PTs, respectively (Tan et al. 
2012). Excision margins have been reported to be 
the most reliable predictor for local recurrence, 
while stromal overgrowth, classification grade, 
and necrosis are less consistent predictors (Tan 
et al. 2016; Barrio et al. 2007).
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Imaging Findings Usually, patients are symp-
tomatic, showing a unilateral, firm, painless breast 
mass not attached to the skin. Large PTs may 
stretch the skin, and distention of superficial veins 
may be seen (Lakhani et al. 2012). Due to screen-
ing programs, very large lesions (>10 cm) are rare 
nowadays and the average size of PTs at diagnosis 
ranges from 2 to 5  cm (Tan et  al. 2016). 
Mammographic and ultrasound imaging findings 
reveal overlapping features with benign fibroade-
nomas. On mammography, PTs usually have an 
oval shape, high density, irregular margins, and 
larger size compared to fibroadenomas (Plaza 
et al. 2015). Due to their rapid growth, calcifica-
tions are rare. However, cases of coarse intratu-
moral calcifications have been reported (Jorge 
Blanco et al. 1999). The fat compound of PTs can 
be seen as a lucent halo of the margins, and digital 
breast tomosynthesis is of added value in these 
cases to better discriminate the solid homoge-
neous dense appearance of the PT (Freer et  al. 
2014). On ultrasound, PTs can show both well- 
defined and ill-defined (i.e., microlobulated) mar-
gins (Plaza et  al. 2015). Usually, PTs are 
heterogeneous masses with foci of degeneration 

and necrosis, posterior acoustic enhancement, and 
internal vessels (Yilmaz et al. 2002) (Fig. 5). On 
MRI, PTs do not show differences in signal inten-
sity/time or in kinetic assessment compared with 
fibroadenomas. Occasionally, suspicious enhance-
ment can be seen in up to 18% of PTs (Duman 
et al. 2016; Boetes et al. 1997; Kuhl et al. 1999).

Management Available data suggest that the 
most common management for all PT subtypes is 
open surgical excision (Rageth et al. 2016; Youk 
et  al. 2015; Ouyang et  al. 2016; Choi and Koo 
2012; Youn et al. 2013) (Table 2). In PTs diag-
nosed by CNB, mean underestimation rates are 
documented at around 20%, whereas in PTs diag-
nosed by VAB, an underestimation happens in up 
to 8.7% of cases (Youk et  al. 2015). Based on 
these evidences, the First International 
Conference on B3 lesions recommended that a 
PT lesion visible on imaging should undergo 
open surgical excision with clear margins. 
Similar recommendations are proposed by the 
NHS group. Only in cases of benign PT, follow-
ing VAB, surveillance is justified.

a b c d

Fig. 5 A 28-year-old patient with a palpable lump in the 
left breast that has subjectively grown in size over the past 
2 months. Digital mammography (a) mediolateral-oblique 
projections of the left side. The breast is extremely dense 
(ACR-BI-RADS density class d). In the upper-outer quad-
rant of the left breast, an oval mass with obscured margins 
can be discerned. No suspicious microcalcifications 
within the mass or in the breast are seen, and ultrasound 
was performed for further assessment. (b) B-mode ultra-

sound shows at 10/11 o’clock of the left side a round oval 
shaped, microlobulated complex mass and without any 
posterior features associated. (c, d) Magnetic resonance 
imaging (MRI) of the left breast: (c) T2-weighted and (d) 
dynamic contrast-enhanced (DCE) MRI.  The lesion 
shows a round-shaped mass, with circumscribed margins 
and rim enhancement. Final histopathology: malignant 
phyllodes tumor, high grade

High-Risk Lesions of the Breast: Diagnosis and Management



350

2.6  Radial Scar and Complex 
Sclerosing Lesion

Radial scar (RS) is a breast lesion that may mimic 
an invasive carcinoma because of its stellate con-
figuration. RS is a small (<1  cm) focus, while 
“complex sclerosing lesion” (CSL) refers to a 
lesion larger than 1  cm that is accompanied by 
more complex features (Rageth et  al. 2016; 
Lakhani et al. 2012; Chou et al. 2018). The fre-
quency of RSs and CSLs ranges from 14% to 
28%. RS may be multiple and bilateral. RS is 
uncommon in women younger than 30 years and 
is seen most frequently in women 30–60  years 
old (Cohen and Newell 2017).

Histopathology RS and CSL are characterized 
by a central fibroelastic core with radiating 
spokes of ducts and lobules. At the lesion periph-
ery, there are a multitude of benign changes, such 
as cysts, UDH, and sclerosing adenosis. The vari-
able proportion of these additional entities con-
tributes to the imaging features of RS (Lakhani 
et al. 2012; Cohen and Newell 2017).

Prognosis There is no firm evidence that these 
lesions may be premalignant (Rageth et al. 2016; 
Lakhani et al. 2012; Cohen and Newell 2017). RS 
and CSL are proliferative lesions that frequently 
can be associated with other high-risk lesions and 
proliferative lesions, such as atypia that may itself 
contribute to the high frequency of associated can-
cers and to the upgrade rate to malignancy at exci-
sion (Chai and Brown 2009). Therefore, the 
prognosis of RS and CSL depends on the presence 
of associated atypia (Linda et al. 2010; Cohen and 
Newell 2017; Douglas-Jones et  al. 2007). In RS 
and CSL without atypia, there is up to 3.0% rela-
tive risk of developing breast cancer (Rageth et al. 
2016; Linda et  al. 2010; Douglas-Jones et  al. 
2007). In RS and CSL with atypia, the relative risk 
ranges from 2.8% to 6.7% particularly in patients 
over 50  years of age (Berg et  al. 2008; Sanders 
et al. 2006; Jacobs et al. 1999). Underestimation 
rates for pure RS and CSL vary from 1% to 28% 
following core needle biopsy and 8% following 
VAB (Rageth et al. 2016; Lakhani et al. 2012).

Imaging Findings On mammography, RS and 
CSL mostly appear as a stellate lesion mimicking 
invasive carcinoma. Different mammographic 
features have been suggested by Tabar et al. for 
the diagnosis of RS and CSL (Teaching Atlas of 
Mammography 2018). Usually, RS presents as 
radiolucent linear structures paralleling radi-
opaque spicules, hence the nomenclature “black 
stars” for RS in contradistinction to the “white 
stars” of breast cancers. Further, the distortion 
varies in different projections; no skin thicken-
ing/retraction or palpable lump is present over 
the lesion (Cohen and Newell 2017; Teaching 
Atlas of Mammography 2018) (Fig.  6a, b). 
Calcifications are common in RS, but their mor-
phologic features are often nonspecific; there-
fore, they may be the only imaging finding 
prompting a biopsy in some cases (Rageth et al. 
2016; AGO 2016). Digital breast tomosynthesis 
has shown great potential for differentiating 
breast lesions from normal overlapping tissue, 
leading to an improved detection in breast cancer 
(Freer et al. 2014). Partyka et al. (2014) investi-
gated its role for assessing architectural distor-
tion compared with digital mammography. They 
reviewed 26 cases of architectural distortion 
detected on breast tomosynthesis only and found 
that it provided better visualization and identifi-
cation of architectural distortion than digital 
mammography with an increased cancer detec-
tion rate (Fig.  6c, d). The sonographic appear-
ance of RS is variable, ranging from no clear 
correlate to a hypoechoic, irregular mass with 
indistinct margins or as a focal area of shadowing 
with no associated mass (Cohen and Newell 
2017; Shetty 2002). In some cases, RS may show 
inherent stiffness at elastography; however, at 
present there is no ultrasound imaging finding 
that appears to be reliable for differentiating RS 
from malignant lesions. RS has a broadly vari-
able MRI appearance ranging from being invisi-
ble to presenting as an enhancing, irregular, 
malignant-appearing mass. The negative predic-
tive value for non-enhancing RS across studies is 
high, ranging from 97% to 100% (Linda et  al. 
2010; Pediconi et al. 2005). With respect to the 
management of enhancing lesions diagnosed as 
RS at MRI-guided biopsy, recent studies have 
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Fig. 6 A 55-year-old patient with left-breast pain. Digital 
mammography: (a) craniocaudal and (b) mediolateral- 
oblique projections of the left side and digital breast 
tomosynthesis; (c) craniocaudal and (d) mediolateral- 
oblique projections of the same breast. The breasts are 
characterized by scattered areas of fibroglandular tissue 
(ACR-BI-RADS density class b). In the upper-outer quad-
rant of the left breast (a–d), an architectural distortion can 
be seen without an associated mass or suspicious micro-
calcification. An oval mass with obscured margins is vis-
ible. No suspicious microcalcifications within the mass or 

in the breast are seen. B-mode ultrasound did not demon-
strate any lesion (not shown). (e–g) Magnetic resonance 
imaging (MRI). (e) Short tau inversion recovery (STIR) 
axial image, (f) T2-weighted image, and (g) DCE-MRI 
(delayed phase). Only on the delayed DCE-MRI a subtle 
uptake of contrast enhancement can be seen in the upper- 
outer quadrant of the left breast as a 5 mm focal area of 
non-mass enhancement with slow and persistent kinetics 
(BI-RADS 4a). Final histopathology: sclerosing ductal 
hyperplasia compatible with radial scar
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shown a high upgrade rate to malignancy, rang-
ing from 20% to 23% (Lourenco et  al. 2014; 
Heller and Moy 2012). Therefore, the current 
consensus in cases of enhancing RS, visible at 
MRI only, is excision (Fig. 6e–g).

Management The management of RS diag-
nosed at CNB is controversial. Different studies 
demonstrated that breast cancer is often present 
in the periphery of the RS and CSL and this 
eccentric location may be conceivably the reason 
of sampling errors (Alvarado-Cabrero and 
Tavassoli 2000; López-Medina et  al. 2006). 
Currently, the WHO 2012 guidelines recommend 
surveillance if the imaging findings have been 
completely excised at VAB and no atypia is found 
in the histological examination. A similar 
approach is recommended by the NHS group. 
However, in case of RS and CSL with atypia on 
histology following either core needle biopsy or 
VAB, open surgical excision is mandatory 
(Rageth et al. 2016; Pinder et al. 2018; Lakhani 
et al. 2012; AGO 2016) (Table 2).

3  Chemoprevention in High-
Risk Lesions

Breast cancer chemoprevention with tamoxifen 
has been recommended by the National 
Comprehensive Cancer Network since relevant 
data was published in 2005 demonstrating up to 
80% risk reduction of invasive breast cancer in 
patients with ADH, LCIS, ALH, or FEA with a 
5-year breast cancer risk assessment of 1.7% and 
a life expectancy of 10 years (Fisher et al. 2005). 
Thereafter, other chemopreventive agents, i.e., 
raloxifene, exemestane, and anastrozole, have 
been validated as alternative drugs with similar 
efficacy to tamoxifen in postmenopausal women 
at high risk for breast cancer (Goss et al. 2011; 
Cuzick et al. 2014). However, only a small minor-
ity of high-risk women accept the use of chemo-
preventive agents, most likely due to concerns 
about thromboembolism as a side effect of the 
treatment and lack of knowledge and awareness 
(Clauser et al. 2016).

4  Conclusion

Based on the current evidence, the most recent 
international guidelines (Rageth et  al. 2016; 
Pinder et  al. 2018) on high-risk breast lesion 
(B3), i.e., lesions of uncertain malignant poten-
tial, recommend VAE for the majority, opting for 
a more conservative approach and sparing open 
surgery if this can be avoided (Table  2). 
Thereafter, annual screening mammography is 
justified, whereas screening MRI in these patients 
is still controversially seen, as it has not yet been 
demonstrated to improve clinical outcomes.

The more conservative approach has been 
adopted because of the continued concerns 
regarding potential harms associated with unnec-
essary surgeries in case of suspicious imaging 
findings. Prior to these guidelines, surgical exci-
sion has been typically recommended for these 
lesions because of the low but present potential 
for upgrade to malignancy. However, this often 
leads to overtreatment, with unnecessary surgery 
for high-risk lesions that are not associated with 
malignancy.

All guidelines stress the importance of the 
management of high-risk lesions in a multidisci-
plinary team approach. The multidisciplinary 
team has to develop a personalized strategy 
related to the individual risk of developing cancer 
in each patient to limit surgery to only those 
patients who need it. Overtreatment in women 
with B3 lesions at low risk should be 
avoided.FundingFunding was provided in part by 
the 2020 Research and Innovation Framework 
Programme PHC-11-2015 Nr. 667211-2 and 
under grant agreement Nr. 688188.
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Abstract

Minimally invasive therapies of breast tumors 
are emerging techniques in selected patients 
and specific indications potentially changing 
the treatment and management of benign and 
malignant breast lesions.

At cryotherapy, a probe for alternating 
cycles of freezing and thawing is inserted into 
the lesion to damage tumor tissue under local 

G. Adelsmayr (*) · M. Fuchsjäger 
Division of General Radiology, Department of 
Radiology, Medical University of Graz, Graz, Austria
e-mail: gabriel.adelsmayr@medunigraz.at; michael.
fuchsjaeger@medunigraz.at 

G. Sponner 
Department of Medicine, LKH Weststeiermark, 
Voitsberg, Austria

© Springer Nature Switzerland AG 2022 
M. Fuchsjäger et al. (eds.), Breast Imaging, Medical Radiology Diagnostic Imaging, 
https://doi.org/10.1007/978-3-030-94918-1_17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-94918-1_17&domain=pdf
mailto:gabriel.adelsmayr@medunigraz.at
mailto:michael.fuchsjaeger@medunigraz.at
mailto:michael.fuchsjaeger@medunigraz.at
https://doi.org/10.1007/978-3-030-94918-1_17


360

anesthesia and guidance of real-time ultra-
sound, CT, or MRI. Promising results of this 
method were reported for treatment of fibro-
adenomas and breast cancer.

Radiofrequency ablation destroys tumor tis-
sue by frictional heat using alternating current, 
most commonly under ultrasound- guidance. 
Since this treatment is generally more painful, 
deep sedation or general anesthesia is required.

Microwave ablation uses electromagnetic 
waves of at least 900 MHz and is commonly 
guided by CT or ultrasound. Deep sedation or 
general anesthesia is required.

High-intensity focused ultrasound ablation 
is a noninvasive method for treatment of breast 
tumors and utilizes higher energy ultrasound 
waves of lower frequency than that in diagnos-
tic ultrasound. Tissue is heated at a cigar- 
shaped focus zone under ultrasound or MRI 
guidance. With up to 3  h, this procedure is 
rather time consuming.

Requirements for successful minimally 
invasive therapies of breast tumors include 
tumor size below 2 cm; visibility of the tumor 
at MRI, CT, or ultrasound; and a minimum 
distance between tumor and skin/muscle of 
1 cm. Partly due to lack of evidence, limita-
tions of minimally invasive breast tumor abla-
tion are large and/or multicentric tumors, 
tumors close to skin and/or muscle, and inva-
sive lobular carcinomas and DCIS.

Success rates of minimally invasive thera-
pies were found to be 96% with relatively low 
minor and major complication rates, such as 
pain, skin burns, edema and necrosis, and 
pneumothorax.

1  Introduction

Minimally invasive therapies of breast tumors are 
emerging techniques in selected patients and spe-
cific indications potentially changing the treat-
ment and management of benign and malignant 
breast lesions.

Therapeutic interventions that aim at mini-
mally invasive tumor ablation utilize direct appli-

cation of chemical or thermal therapies for 
eradication or substantial structural damage of 
tumors. Techniques that will be discussed in this 
chapter include cryoablation, radiofrequency 
ablation, microwave ablation, and high-frequency 
ultrasound ablation.

Since the implementation of breast cancer 
screening, more breast tumors are detected at an 
early stage and with small size (Berry et  al. 
2005). Small breast tumors can potentially be 
eliminated with excellent cosmetic results by sur-
gery; however, this treatment requires general 
anesthesia. Minimally invasive therapies on the 
other hand can be performed without general 
anesthesia, and in most cases, local anesthesia is 
sufficient for pain control. Therefore, this thera-
peutic option can be carried out on an outpatient 
basis that generally is preferred by patients to an 
inpatient setting. Moreover, the minimally inva-
sive therapeutic approach is time and resource 
saving, reducing costs for health-care providers.

Generally accepted requirements for success-
ful minimally invasive therapies of breast tumors 
include tumor size below 2 cm; visibility of the 
tumor at MRI, CT, or ultrasound; and a minimum 
distance between tumor and skin/muscle of 1 cm 
to avoid freezing and burning injuries. Limitations 
of minimally invasive breast tumor ablation are 
large and/or multicentric tumors, tumors close to 
skin and/or muscle, and invasive lobular carcino-
mas and DCIS, the latter two due to lack of evi-
dence (Roubidoux et al. 2014).

Pooled technical success rate of percutaneous 
ablation with radiofrequency, microwaves, cryo-
ablation, laser, and high-intensity focused ultra-
sound was found to be 96% with a pooled major 
complication rate of 6% and minor complication 
pooled rate of 8% (Mauri et al. 2017).

2  Cryotherapy

Already in antiquity, Hippocrates recommended 
cold for hemostasis as well as to reduce the swell-
ing of painful joints. In the eleventh century, cold 
was used as a local anesthetic, and in the nineteenth 
century, malignant diseases were successfully 
treated with cold with a reduction in morbidity.
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The development of adiabatic expansion sys-
tems, which allow a change of state without heat 
exchange, led to the liquification of oxygen, air, 
and nitrogen. Carbon dioxide, hydrogen, and 
helium were also liquified at the beginning of the 
twentieth century. By liquid nitrogen, tempera-
tures of −160 °C were reached and applied in the 
course of the century on different organ systems. 
Finally, the Joule-Thomson cryoprobe, which 
achieves cooling by expansion of liquid nitrogen 
or argon gas, was developed (Korpan 2007).

According to its freezing profile (size and shape 
of originating ice ball to guarantee for a complete 
ablation with safety margins of at least 5 mm), the 
needle probe to be used has to be specifically cho-
sen to perfectly fit for the respective lesion.

One or more cryoprobes are placed under imag-
ing guidance and local anesthesia through a small 
skin incision in the center of the tumor (Tarkowski 
and Rzaca 2014; Huston and Simmons 2005).

Imaging guiding can be achieved by ultra-
sound (Fig.  1), computed tomography (CT), or 
magnetic resonance imaging (MRI).

By means of liquid nitrogen or argon gas, tis-
sue is cooled around the cryoprobe to −160 to 
−187 °C, and a sonographically visible ice ball is 
formed.

First-generation cryoprobes cool along the 
entire stem, and the second-generation are vac-
uum isolated and become cold only at the distal 
tip, making skin protection easier to achieve 
(Kaufman et  al. 2004). Different numbers of 
freeze-thaw cycles can be used; however, the 
most commonly used method is two freeze- 
thawing cycles of 10-min freezing with a 10-min 
thawing intermission, in which fast freezing and 
relatively slow thawing seem to be most  effective. 
Using ultrasound, the procedure can be observed 
in real time (Gage et  al. 1985; Huston and 
Simmons 2005).

Methods to prevent cold-induced skin necro-
sis during ice ball formation are warmed saline 
bags placed on the skin at the site of the ice ball 
or rubbing of the skin (Korpan 2007).

With regard to tissue destruction, there is an 
immediate and a delayed mechanism.

a b

c d

Fig. 1 Pre-cryoablation ultrasound image of a 10 mm 
invasive ductal carcinoma (a), ultrasound-guided posi-
tioning of the cryoprobe into the target lesion (b), forma-

tion of an ice ball around the tip of the cryoprobe (c), and 
post- interventional ultrasound image of the target lesion 
after thawing of the ice ball (d)
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The immediate mechanism is triggered by 
damaging effects of cooling and thawing of the 
cells, which are delayed by the progressive fail-
ure of the microcirculation and ultimately the 
vascular stasis. Tissue ischemia after the dew 
point, however, obscures the effect of direct cell 
damage.

With a drop in temperature, the cell metabo-
lism is disturbed. By freezing the tissue, the con-
tained water crystallizes. Ice crystals first form 
extracellularly because the cell is better protected 
by the lipid membrane. The extracellular freezing 
of water leads to an osmotic shift, and water is 
drawn out of the cell into the extracellular space. 
This happens mainly at temperatures around 
−20 °C. Due to the dehydration, the cell shrinks, 
electrolyte concentrations increase, and mem-
brane and cell contents are damaged (Gage and 
Baust 1998).

The so-called solution effect is not always 
fatal for the cell, in contrast to intracellular ice, 
which forms mainly by rapid cooling to tempera-
tures below −40 °C and tears cell organelles and 
membranes. During the thaw cycle, the crystals 
fuse into larger formations. This so-called recrys-
tallization occurs especially at temperatures 
between −20 and −25 °C and ruptures cell mem-
branes. By melting, the extracellular space 
becomes hypotonic, water is drawn into the cell, 
its volume increases, and it bursts.

By thawing the tissue, a microcirculatory sta-
sis develops at −20 °C. By cooling the tissue in 
the freezing phase, vasoconstriction and reduced 
blood flow result. As soon as the temperature 
rises again above 0 °C, the circulation starts again 
and vasodilation sets in. The vascular permeabil-
ity increases; edema, platelet aggregation, and 
microthrombi arise; and the circulation stagnates 
after about 30–45 min. Due to lack of blood flow, 
the tissue becomes necrotic (Gage and Baust 
1998).

As the tissue near the probe freezes faster and 
in the periphery of the probe more slowly, intra-
cellular ice forms near the probe and extracellular 
ice forms on the edge of the ice ball. Decisive for 
cell destruction, however, is above all the change 
in temperature over time. For a single freeze- 
thaw cycle, cells will be destroyed at −40 to 

−50  °C.  With temperatures below −40  °C, the 
duration of the freezing should be correspond-
ingly longer, if compared to, e.g., 
−160 °C. Thawing should always be as slow as 
possible to achieve greater ice formation and 
maximum cell destruction. Depending on the 
system used, active thawing can be achieved by 
supplying helium to the cryoprobe.

The destructive changes and the size of the ice 
formations increase with further freeze-thaw 
cycles. Usually, two freeze-thaw cycles are used. 
In the periphery of the ice ball, the osmotic and 
hypothermic stress is often insufficient to allow 
uniform cell destruction. However, studies have 
shown that some of these cells undergo apoptosis 
after a few days (Gage and Baust 1998).

Multiple cryoprobes give rise to thermal syn-
ergies that fuse lethal isotherms (connecting lines 
between sites of the same temperature) and con-
tinue to expand. For example, the percentage of 
lethal ice increases in a diameter from 35% to 
more than 70% for three or more cryoprobes. The 
nonlethal rim described in the in vitro studies has 
been consistently below 1  cm (Littrup et  al. 
2009a). With the combination of several cryo-
probes, larger size tumors can be successfully 
treated (Gage and Baust 1998).

An interesting aspect of cryotherapy is cryo-
immunology: the ability to create an immune 
response to tumor-specific antigens. However, 
the experiences of cryotherapy in animal mod-
els with different tumors are diverse. It turns 
out that cryotherapy can have both positive 
effects on tumor-specific defense and immuno-
suppressive effects. The predominant mecha-
nism depends on the type of tumor, the body’s 
immune competence before treatment, the 
method of freezing, the ablated tumor volume, 
and the site where the immune response is 
sought. Crucial for  immunomodulatory effects 
of cryotherapy is the relation of induced apop-
tosis and necrosis: apoptosis induces immuno-
tolerance, and necrosis stimulates a humoral 
immune response (Sabel et  al. 2005, 2006, 
2010; Sabel 2009; Koido et al. 2014; McArthur 
et  al. 2016). Promising results of a small trial 
investigating the feasibility of preoperative 
cryoablation and the administration of a check-
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point inhibitor in breast cancer suggest further 
studies of this therapy strategy in patients with 
operable breast cancer (McArthur et al. 2016). 
The combination of cryotherapy and immuno-
therapy also showed auspicious results in 
patients with metastatic breast cancer with 
failed radical surgery (Niu et  al. 2013) and 
HER2-positive breast cancer (Liang et  al. 
2017).

T-cell receptor sequencing may serve as a bio-
marker for immune response to cryoimmunother-
apy (Page et al. 2016).

2.1  Cryotherapy 
in Fibroadenomas

Cryotherapy has the potential to successfully 
reduce the volume of fibroadenomas in an outpa-
tient setting with low complication rates. After 
cryoablation of fibroadenomas, the necrotic 
tumor is slowly absorbed with a residual tumor 
volume depending on the initial tumor size. The 
procedure is performed with high patient’s satis-
faction and good to excellent cosmetic results. 
Artifacts in mammography after cryotherapy of 
fibroadenomas are rare (Kaufman et  al. 2004, 
2005; Caleffi et al. 2004; Hahn et al. 2013; Littrup 
et al. 2005; Nurko et al. 2005).

2.2  Cryotherapy in Breast Cancer

Cryotherapy was performed in several studies 
both in a curative setting, in women with local-
ized disease, and in a palliative setting, in women 
with generalized disease.

The effects of freezing may make subsequent 
surgical removal of breast tumors easier than 
with normal surgery, minimizing bleeding (Tafra 
et al. 2003).

In a study excluding invasive lobular and colloi-
dal carcinomas and tumors with more than 25% 
DCIS component, a complete ablation was achieved 
in carcinomas up to 1.5 cm (Sabel et al. 2004).

Another study observed that in none of the 29 
completed treatments with cryotherapy of inva-
sive breast cancer up to 1.5 cm diameter, living 

invasive tumor cells were detected at histopatho-
logic assessment. In 5 of 30 patients (16.7%), 
however, DCIS was found outside the ablation 
area (Pfleiderer et al. 2005).

A trial including 87 unifocal, invasive, ductal 
breast cancers up to 2 cm diameter, with less than 
25% intraductal component and MRI contrast 
media enhancement, found a complete cryoabla-
tion in 75.9% and in the remaining cases invasive 
residual tumor and/or DCIS components. If the 
multifocality discovered in histology is not con-
sidered a cryoablation failure, successful tumor 
ablation was achieved in 92% of the 87 tumors 
(Simmons et al. 2016).

Even in multifocal and bulky breast cancer, 
cryoablation may yield desired effects through 
large treatment zones. Combined guidance with 
ultrasound and CT seems appropriate in this 
patient group (Littrup et al. 2009b).

In patients who refuse or are not fit for surgi-
cal treatment of malignant breast tumors, cryo-
therapy offers a potential alternative to reduce 
tumor load, with decreasing efficiency of tumor 
size control over time (Simmons et  al. 2016; 
Cazzato et al. 2015; Pusceddu et al. 2011, 2014; 
Li et al. 2014).

In metastatic breast cancer, cryotherapy, espe-
cially in combination with immunotherapy, may 
even extend overall survival (Niu et al. 2013).

A limitation in assessing the role of cryother-
apy in recent literature is the relatively small 
number of patients included in most studies, 
missing long-term follow-up data and the study 
setting where the procedure was mostly per-
formed under purely research “treat and resect” 
protocols. Moreover, success rates vary among 
studies, declining with increasing tumor size 
(Bergin et al. 2008; Manenti et al. 2011; Gajda 
et al. 2014; Poplack et al. 2015; Pusztaszeri et al. 
2007; Morin et al. 2004).

For assessment of residual tumor load after 
cryotherapy, MRI is considered the method of 
choice (Figs.  2 and 3) (Simmons et  al. 2016; 
Manenti et al. 2013).

In mammography and ultrasound, increased 
density and echogenicity are observed following 
cryoablation, corresponding to the size and loca-
tion of the ice ball (Roubidoux et al. 2004).
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a b

Fig. 2 Pre-cryoablation axial T2-weighted MR image (a) 
and axial contrast-enhanced T1-weighted MR image (b) of 
an enhancing spiculated lesion in the left breast (red circle). 
(Reprinted by permission from Springer Nature Customer 

Service Centre GmbH: Springer Nature, European 
Radiology, Percutaneous local ablation of unifocal subclin-
ical breast cancer: clinical experience and preliminary 
results of cryotherapy, Guglielmo Manenti et al., ©2011)

a

b

a’
Fig. 3 One-month 
post-cryoablation of the 
same lesion as in Fig. 2. 
Axial T1-weighted MR 
image (a), axial 
T2-weighted MR image 
(a′), and axial contrast- 
enhanced MR image (b). 
Disappearance of the 
previously enhancing 
lesion with a new area of 
necrosis can be 
appreciated (red circle). 
(Reprinted by 
permission from 
Springer Nature 
Customer Service 
Centre GmbH: Springer 
Nature, European 
Radiology, Percutaneous 
local ablation of unifocal 
subclinical breast 
cancer: clinical 
experience and 
preliminary results of 
cryotherapy, Guglielmo 
Manenti et al., ©2011)

3  Radiofrequency Ablation

Radiofrequency ablation is a minimally invasive 
technique for destroying solid tumors by fric-
tional heat generated by intracellular ions set in 

motion via alternating current (AC). The current 
flows from the electrode placed in the tumor in 
the direction of a grounding plate, which is 
attached to the skin. High-frequency electrical 
power (400–500 kHz) is used at up to 200 W.
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The ablation zone can be increased either by 
increasing the conductivity of the tissue by intro-
ducing saline or by enlarging the electrode by 
flipping several secondary electrodes out of the 
tip of the primary electrode to form a star or 
screen shape. The size of the ablation zone can 
thus be increased to 3–5 cm (Dowlatshahi et al. 
2001).

Most commonly, ultrasound is used to guide 
and visualize the procedure because the fre-
quency of radiofrequency ablation used interferes 
with MRI. MRI-compatible probes are available, 
but extremely expensive.

The treatment is painful; therefore, deep seda-
tion or general anesthesia is required (Fornage 
and Hunt 2015).

After ablation, ultrasound depicts a hyper-
echogenic coagulated zone (Vlastos and 
Verkooijen 2007). However, visualization during 
treatment is difficult as it causes rapid and diffuse 
hyperechogenicity in the vicinity of the tumor 
from the beginning, rendering the tumor 
unrecognizable.

There are three ways to perform this 
treatment.

The most common technique is impedance 
based. A gradual increase in power is performed 
in 5 or 10 W increments every 1 or 2 min until 
there is a so-called power roll-off, an impedance 
increase of at least 20 Ω, which is indicative of 
total tissue coagulation. If this “impedance 
jump” is not achieved, treatment is usually 
stopped after 15  min (Jeffrey et  al. 1999; Izzo 
et al. 2001).

Another possibility is treatment at a constant 
temperature for a certain time. Temperatures of 
75 °C (Head and Elliott 2009) to 100 °C (Mackey 
et al. 2012), but usually 90–95 °C, are held over 
10–20 min (temperature/time based).

The third option is assessment based on imag-
ing where the treatment is continued until the 
entire tumor appears to be coagulated under 
ultrasound guidance (imaging based) (Lamuraglia 
et al. 2005; Medina-Franco et al. 2008).

At histopathology, coagulation necrosis and 
protein denaturation are seen; therefore, accurate 
histological analysis including receptor status 

should be performed prior to radiofrequency 
ablation. The cell-destroying changes are often 
only found after 48 h; hence, immediate resection 
after radiofrequency ablation requires immuno-
histochemical analysis (for example by NADH 
staining) in addition to standard HE staining to 
assess the viability of the tumor cells (Huston and 
Simmons 2005). CK8 immunohistochemistry 
showed promising results as a potential alterna-
tive to NADH diaphoresis (Schassburger et  al. 
2014).

Successful radiofrequency ablation with 
screen- or star-shaped electrodes (Manenti et al. 
2013; Fornage and Hunt 2015; Head and Elliott 
2009; Burak Jr. et al. 2003; Noguchi et al. 2006; 
Earashi et  al. 2007; Imoto et  al. 2009; Hung 
et al. 2011) or a single electrode (Schassburger 
et al. 2014; Susini et al. 2007; Khatri et al. 2007; 
Oura et al. 2007; Nagashima et al. 2009; Wiksell 
et al. 2010; Yamamoto et al. 2011; Waaijer et al. 
2014; Ohtani et al. 2011) was demonstrated in 
several studies in breast tumors up to 2  cm 
diameter.

Data on success rates of radiofrequency abla-
tion in breast tumors greater than 2 cm are scarce, 
and in larger trials it has been reported to be 
between 30% and 55% (Medina-Franco et  al. 
2008; Kinoshita et al. 2011).

Postsurgical radiofrequency ablation of the 
resection cavity is a novel approach with promis-
ing results and may offer an alternative to radia-
tion in certain patients (Mackey et  al. 2012; 
Wilson et al. 2012; Klimberg et al. 2014).

For assessment following radiofrequency 
ablation, MRI examinations are recommended 
(Manenti et  al. 2009, 2013; Vilar et  al. 2012). 
After radiofrequency ablation, altered signal 
intensity with peripheral enhancement in MRI 
can be observed, which decreases in size over 
time. Correspondingly, in mammography a 
halo surrounding an area equal to that found in 
MRI may be discerned, representing fat necro-
sis (Nagashima et  al. 2009; Hayashi et  al. 
2003).

In long-term follow-up, a residual nodular 
resistance may remain after radiofrequency abla-
tion (Manenti et al. 2009; Noguchi et al. 2012).
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4  Microwave Ablation

Microwaves lie between infrared radiation and 
radio waves at a frequency between 900 and 
2450  MHz. The microwaves vibrate the polar 
water molecules up to two billion times a second, 
creating friction and heat, causing cell death 
through coagulation necrosis.

Percutaneous microwave ablation can be 
ultrasound or CT targeted and is usually per-
formed under local anesthesia with sedation or 
under general anesthesia. The microwave antenna 
is placed directly in the center of the tumor, and 
the electromagnetic microwaves are applied at up 
to 60  W and at 915  MHz (Vilar et  al. 2012). 
Grounding is not necessary.

The high energy density zone is larger at 2 cm 
around the antenna than at the radio frequency, 
which actively heats a larger zone and makes the 
cell destruction more uniform. In addition, micro-
wave ablation does not cause the tissue to cook 
and char, which would act as an insulator and 
limit imaging. Without this restriction, the tissue 
can be heated to higher degrees.

Experimental studies have shown that tumor 
cells die when heated at 43 °C for 60 min. For 
each degree of temperature increase, the duration 
can be reduced by a factor of 2. The thermal 
energy necessary for a 120-min treatment at 
43 °C can be reduced to approximately 3.75 min 
at 48 °C and is referred to as a thermal equivalent 
dose (CEM 43 °C = cumulative equivalent min-
utes relative to 43 °C) (Simon et al. 2005; Vargas 
et al. 2004).

Studies on microwave ablation in breast 
tumors are rare. Included were mostly 
patients in the palliative setting with breast 
tumors up to 8 cm diameter, where control of 
the tumor load or preoperative downsizing 
was the main objective. In one larger trial, the 
extent of tumor necrosis depended on the 
CEM applied, ranging from below 50% to 
84% (Vargas et  al. 2004; Zhou et  al. 2012, 
2014). Ultrasound and MRI images of a 
fibroadenoma before and after microwave 
ablation are shown in Fig. 4.

5  High-Intensity Focused 
Ultrasound Ablation

High-intensity focused ultrasound ablation, 
strictly speaking, is not a minimal but a noninva-
sive ablation method.

Higher energy ultrasound waves of lower fre-
quency (0.8–3.5 MHz) are used than in diagnos-
tic ultrasound. The waves pass through the skin 
and the tissue without damage; only at the focal 
point, heat is generated and the target tissue is 
destroyed. The focus zone is typically cigar 
shaped with up to 3 × 15 mm diameter. In order 
to treat larger volumes, several of these so-called 
sonification zones have to be lined up side by 
side. Within a few seconds, the tissue is heated to 
60–95 °C and undergoes localized protein dena-
turation and coagulation necrosis. In addition to 
the thermal energy, mechanical stress (Vargas 
et  al. 2004) develops, which also leads to cell 
destruction. The heat leads to cell death at over 
56 °C for over 1 s. Wave motion and heat create 
microbubbles that cause intracellular mechanical 
disruption (Brenin 2011). Antiangiogenic effects 
of high-intensity focused ultrasound ablation 
may also play a role in the treatment of breast 
cancer (Guan and Xu 2016).

The ablation procedure is performed under 
MRI or ultrasound guidance, with ultrasound 
having the advantage of showing the treatment in 
real time. Temperature can also be measured by 
means of MRI (Fig. 5) (Brenin 2011; Peek et al. 
2015).

The procedure is time consuming with a dura-
tion of up to 3  h, which makes optimal patient 
positioning necessary (Furusawa et al. 2006; Wu 
et al. 2005). Therefore, deep sedation or general 
anesthesia is generally required (Wu et al. 2003, 
2005, 2007).

Repeated high-intensity focused ultrasound 
ablation was performed in patients with breast 
cancer up to 2.5 cm diameter and contraindica-
tion to surgery or who refused surgery, with post- 
ablation tumor-free biopsies in 79% and 
promising long-term results (Gianfelice et  al. 
2003).
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Post-ablation Hydro-dissection technique Placed antenna

Fig. 4 Technical success of MWA in one representative 
case (20-year-old woman with eight fibroadenomas in 
bilateral breast). (a) Appearance of the skin before 
MWA. Red arrow is pointing to the scar from the surgery 
for fibroadenoma 9 months ago. The black marker indicates 
the location of the breast lesions. (b) The yellow ring indi-
cates the needle site after MWA. (c) The needle (red arrows) 
was inserted into the space between the lesion margin and 
the skin to infuse saline, which increased the distance (yel-
low arrow) between the lesion and the skin. (d) US scan 
shows that the antenna tip placed in the deepest site of 
lesion increased echogenicity (red arrow) near the irradiat-
ing segment of the antenna (yellow arrow) at the beginning 
of the MWA session. (e) US scan shows the hypoechoic 

lesion before MWA. (f) CEUS shows the hyper-enhance-
ment (red arrow) at the margin of the lesion. (g, h) CEMRI 
shows early enhancing lesions bilaterally (arrows) before 
MWA. (i) B-mode (left) and CEUS (right) after MWA 
show decreased enhancement of the lesion. (j, k) Contrast-
enhanced MRI shows hypointense treatment zones and 
peripheral nodular enhancement in the arterial phase. MWA 
microwave ablation, CEMRI contrast- enhanced magnetic 
resonance imaging, CEUS contrast-enhanced ultrasound, 
US ultrasound. (Reprinted by permission from Springer 
Nature Customer Service Centre GmbH: Springer Nature, 
European Radiology, Ultrasound-guided percutaneous 
microwave ablation for 755 benign breast lesions: a pro-
spective multicenter study, Qi Yang et al., ©2020)

Another study found a complete tumor abla-
tion in 54% of patients with breast cancer up to 
T2 stage (Furusawa et al. 2006). Success rates of 
ablation however decrease with larger tumors 
(Wu et al. 2007; Gianfelice et al. 2003).

Preoperative high-intensity focused ultra-
sound ablation may constitute an additional field 
of use (Guan and Xu 2016).

6  Potential Complications 
of Minimally Invasive 
Therapies for Breast Tumors

6.1  Cryotherapy

Complication rates are very low, and side effects 
include pain, hematoma, thermal skin reaction, 
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Fig. 5 Magnitude images (grayscale) overlaid with MR 
thermometry data (color coded) during sonification (50 W 
and a duration of 24.5 s) with a maximum temperature of 
56.4  °C.  Figures show coronal (a–d) and sagittal (e–h) 
images through the focal point. (Reprinted by permission 

from Springer Nature Customer Service Centre GmbH: 
Springer Nature, European Radiology, First clinical expe-
rience with a dedicated MRI-guided high-intensity 
focused ultrasound system for breast cancer ablation, 
Laura G. Merckel et al., ©2016)

infection, skin ulceration/necrosis and pigmenta-
tion disorders, bleeding, and potentially fatal 
“cryoshock,” which is a systemic cytokine- 
mediated reaction with hypotension, dyspnea, 
and disseminated intravascular coagulation. 
Tenderness and swelling normally resolve within 
a few weeks (Kaufman et al. 2004; Caleffi et al. 
2004; Cazzato et al. 2016; Mahnken et al. 2018).

Major complications (grade 2 or 3 skin burns, 
skin necrosis, and pneumothorax) were found in 
2% and minor complications (local discomfort 
and grade 1 skin burns) in 8% (Mauri et  al. 
2017).

6.2  Radiofrequency Ablation

Complication rates are low with ecchymosis 
(Burak Jr. et  al. 2003), combustion of pectoral 
muscle, nipple-areola complex (Imoto et  al. 
2009; Wiksell et al. 2010; Yoshinaga et al. 2013) 
or at the skin attachment site of the ground plate 
(Yamamoto et  al. 2011; Yoshinaga et  al. 2013), 
granulomatous mastitis (Yamamoto et al. 2011), 
and pneumothorax (Waaijer et al. 2014).

Bipolar needle electrodes can potentially min-
imize burns as a complication of radiofrequency 
ablation (Waaijer et al. 2014).

Overall, major complications (grade 2 or 3 
skin burns, skin necrosis, and pneumothorax) 
were found in 6% and minor complications (local 
discomfort and grade 1 skin burns) in 7% (Mauri 
et al. 2017).

6.3  Microwave Ablation

Side effects include pain, edema, thermal skin 
reaction/burns, and postsurgical necrosis (Vargas 
et  al. 2004; Gardner et  al. 2002). It seems that 
microwave ablation does not destroy the lym-
phatics as suspected and thus does not interfere 
with sentinel node marking (Vargas et al. 2003).

Major complications (grade 2 or 3 skin burns, 
skin necrosis, and pneumothorax) were found in 
4% and minor complications (local discomfort 
and grade 1 skin burns) in 14% (Mauri et al. 2017).

6.4  High-Intensity Focused 
Ultrasound Ablation

Complications of high-intensity focused ultra-
sound ablation are mild fever, edema, skin burns, 
and pain, potentially requiring sedation (Guan 
and Xu 2016; Gianfelice et al. 2003; Zippel and 
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Papa 2005). Complication rates were among the 
highest compared to the previously discussed 
ablation techniques with a major complication 
(grade 2 or 3 skin burns, skin necrosis, and pneu-
mothorax) rate of 10% and a minor complication 
(local discomfort and grade 1 skin burns) rate of 
15% (Mauri et al. 2017).

7  Potential Advantages

Minimally invasive therapy of breast tumors 
offers an alternative therapy strategy to surgical 
interventions in breast tumors predominantly 
due to its reduced morbidity and mortality. 
Especially patients with multiple comorbidities 
are eligible, since no general anesthesia is 
required in most minimally invasive therapy 
options.

The procedure can be performed in supine 
position with patients awake; consequently, 
patient’s comfort is considered superior to surgi-
cal interventions.

Good cosmetic outcomes and an outpatient 
basis with the potential to reduce costs are addi-
tional advantages of implementing minimally 
invasive therapy strategies.

8  Limitations

Minimally invasive breast tumor therapies are 
limited by the tumor size and extent of tumor bur-
den. Most of the research has been done on cryo-
therapy of breast cancer with promising results in 
selected patients. Large and multicentric tumors 
are not suitable for cryotherapy. Moreover, cryo-
therapy should not be performed on tumors close 
to the skin or muscle because of the danger of 
necrosis. Invasive lobular cancer and DCIS with 
associated microcalcifications also preclude 
cryotherapy.

To date, there are no large randomized mul-
ticenter trials investigating the effects of mini-
mally invasive therapy options on patient’s 
outcome and further treatment. Data of a pro-
spective trial in progress investigating the 
effect of cryoablation on early breast cancer 

are expected soon (IceCure Medical Ltd. 
2014).

More data and close cooperation with clinical 
partners (i.e., surgery, gynecology, oncology, 
radiation therapy) are needed before minimally 
invasive therapy of breast tumors may be imple-
mented on a larger scale as a standard treatment 
option.

9  Summary and Outlook

Minimally invasive therapies of breast tumors 
have shown to be effective as a primary treatment 
option and an alternative to invasive therapies in 
selected patients with benign and malignant 
breast tumors. The rate of adverse events and 
complication severity are considered to be low 
with the benefit of a possible outpatient setting 
and high feasibility of the various techniques.

Minimally invasive therapy of breast cancer 
might lead to several paradigm shifts for both 
physicians and patients:

A surgical incision may not be necessary in 
selected patients with breast tumors, and a lesion 
might remain palpable even after successful ther-
apy. Moreover, minimally invasive therapy for 
breast tumors offers a potential alternative ther-
apy strategy that can be performed in the awake 
and supine-positioned patient. And last, when 
assessing therapeutic success, post-interventional 
imaging and not histopathology might determine 
a “R0 resection.”

To achieve optimum patient selection and to 
make the right choice of technique, further stud-
ies with long-term follow-up and larger patient 
cohorts are necessary.
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Abstract

Breast cancer treatment has evolved over time 
being the breast conservative surgery with 
adyuvant radiation therapy the gold standard 
treatment. However the mastectomy rates 

have also increased and new reconstructive 
techniques have been developed achieving not 
only a safe oncological result but also a greast 
cosmetic results result. The radiologist should 
be aware of the radiological findings that can 
be observed after the different types of surgery 
and reconstruction and how to combine the 
different imaging techniques to fo that 
purpose.
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Table 1 Diagnostic accuracy of clinical examination and radiologic diagnostic methods in the evaluation of the treated 
patient

Clinical examination Mammography Ultrasound MRI
•  Worse 

prognosis when 
the lesion is 
palpable

• Limited sensitivity and specificity •  Highest sensitivity 
and specificity

• Difficult compression •  Posterior 
shadowing

•  Morphology and 
function

•  Difficult differentiating scar from 
recurrence; difficult differentiating 
edema post-RT from lymphatic 
vessel involvement

•  Difficult 
differentiating 
scar from 
recurrence

•  Benign lesions may 
enhance after IVC 
administration

1  Introduction

Breast cancer treatment has evolved over time, 
and currently the gold standard is breast- 
conservative surgery with adjuvant radiation 
therapy (RT). This approach has decreased the 
morbidity with the same survival rates and has 
improved the aesthetic outcomes. Another thera-
peutic option is mastectomy, considered until 
recently a second-choice technique. However, 
diagnostic improvements with increased detec-
tion of additional lesions, as well as better surgi-
cal reconstruction techniques, have recently 
increased mastectomy rates. In any case, one of 
the most important issues is to obtain free mar-
gins, in spite of which recurrence is still possible, 
even after a mastectomy. In addition, many 
patients undergo aesthetic procedures with 
endogenous and exogenous material, not only for 
reconstructive reasons but also for aesthetic rea-
sons. Therefore, the radiologist should be aware 
of the radiological findings that can be seen after 
the different types of surgery and reconstruction 
and should also know the most reliable imaging 
techniques for that purpose (Perez et  al. 2017; 
Siegel et al. 2016) (Table 1).

Mammography is the technique of choice to 
detect early breast cancer. Nevertheless, it has 
limited sensitivity, from 55% to 68%. In addition, 
after a surgical intervention the performance of 
the test is more limited, due to the fact that it is 
difficult to obtain an adequate compression and 

to achieve visualization of the whole breast and 
the axillary region. In spite of this fact, there may 
be some radiological findings that can be 
 misinterpreted, as for example the presence of 
distortion that requires a differential diagnosis 
between recurrence and scar changes, or the pres-
ence of edema that requires a differential diagno-
sis between post-radiotherapy changes and 
lymphatic involvement.

Clinical examination has proved to be com-
plementary to mammography in detecting recur-
rence, but tumors detected only at screening 
mammography are less likely to develop metas-
tases during follow-up because they usually 
present at an early stage. In cases of mastec-
tomy, in which mammography cannot be per-
formed, the clinical examination has high 
sensitivity.

Ultrasound has also a limited sensitivity for 
small or noninvasive lesions. The presence of 
posterior acoustic shadowing requires a differen-
tial diagnosis between fibrous scar and 
recurrence.

Breast MRI has high sensitivity and high 
specificity compared to mammography and clini-
cal examination (from 90% to 100% and 83% to 
93%, respectively). At 12–18  months posttreat-
ment, it is the most reliable technique to differen-
tiate scar from recurrence. The absence of 
enhancement after intravenous contrast (IVC) 
suggests fibrous scar. However, the presence of 
enhancement is not always indicative of malig-
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nancy since there are many benign processes that 
can cause uptake, such as fat necrosis.

2  Post-therapy Changes 
Without Reconstruction

2.1  The Basis for Iatrogenic 
Changes in the Breast

Iatrogenic changes that take place in the breast 
can be explained in terms of

 1. Changes due to fluid collections
 (a) Seroma
 (b) Hematoma
 (c) Abscess
 2. Changes due to fat necrosis
 (a) Edema and skin-thickening phase
 (b) Scar formation and inflammatory phase 

(architectural distortions)
 (c) Lipid cyst formation phase
 (d) Chronic granulomatous phase or foreign 

bodies (calcifications)

Most clinical contexts that will be shown in 
this chapter share the same iatrogenic changes 
due to the fact that the underlying mechanisms 

are the same (i.e., fluid collections, fat necrosis, 
foreign bodies, and anatomical changes). The 
following text will deal mainly with the causes, 
the timeline, and the influence of these changes 
on the radiological study of the breast (Fig. 1).

The imaging appearance of the breast follow-
ing surgery or radiation therapy reflects the spe-
cific surgical methods employed, the amount of 
radiation delivered, the temporal facts, the pro-
portion of glandular-to-fatty tissue, and the over-
all breast size (Mendelson 1989).

Routine follow-up of patients treated for 
breast cancer does not include breast 
MRI.  However, because of the limitations of 
mammography and ultrasound in these patients, 
MRI may be a valuable addition in the case of 
these patients. It certainly is a very helpful tool in 
the workup of a possible recurrence when the 
conventional techniques are equivocal.

2.1.1  Changes Due to Fluid 
Collections

 1. Seromas are fluid collections as a result that in 
closing the surgical wound, only the skin is 
sutured. The breast parenchyma, fatty tissue, 
and subcutaneous elements are not re- 
approximated surgically. Although surgical 
drains are placed, sometimes the surgical cav-
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conservation therapy. 
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after breast conservation 
therapy. Radiographics 
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ity fills up with fluid (serum), forming a 
seroma. Seromas are usually simple cystic 
masses with a well-defined border but can 
also contain septa. They disappear frequently 
after 9–12  months, although they can also 
remain in the breast for longer. Seromas are 
hyperintense on T2 sequences and do not 
enhance (Figs. 2 and 3).

 2. Hematomas: Acute hemorrhagic collections 
may contain debris, but after the first week 

or 2, most are simple fluid collections 
(Fig.  4). Signal intensity in T2-weighted 
images and unenhanced T1-weighted 
sequences varies depending on the timing; 
most frequently, chronic hematomas are 
hypointense on T2 and hyperintense on T1 
unenhanced images. Hematomas show a 
subtle rim enhancement which is thin. The 
timeline of hematomas is identical to that of 
seromas.

a

d

b

c

Fig. 2 Fifty-two-year-old woman with an IDC in UOQ of 
left breast treated with surgery and chemotherapy. An 
MRI was performed 9 months after the surgery and che-
motherapy and before the radiotherapy. (a) Left-breast 
mammography. Skin thickening is seen in that quadrant. 

(b, c) T1 and T2 sequences show an evolved hematoma 
with hyperintense areas in both sequences (blue circle) 
combined with hyperintense in T1 sequence and hypoin-
tense in T2 sequence areas (red circle). (d) Subtracted 
images do not show any enhancement
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a

c

b

Fig. 3 Seroma 2 months after a mastectomy in a 74-year- 
old patient. (a) It showed an atypical appearance with 
multiple thick and irregular septa. Due to the large size 
(all the mastectomy bed) and the associated clinical symp-
toms, the patient underwent several drainages. Sometime 
later, the seroma did not disappear and additionally the 

patient had skin thickening, edema, and redness. (b) The 
ultrasound showed a more complex lesion with multiple 
hyperechogenic areas (red arrows) suggesting gas. (c) The 
CT also showed the collection, confirming the presence of 
gas inside, which obliged to rule out an abscess or 
infection

 3. Abscesses are formed as a result of an infected 
cavity, usually rare, as less than 5–10% of the 
fluid collections become infected (Fig.  3). 
Abscesses usually show a thick rim enhance-
ment, with a cystic central component. This rim 
enhances in a similar way to breast neoplasms.

2.1.2  Changes Due to Fat Necrosis
The pathogenesis of fat necrosis is very helpful to 
explain the radiological features (edema, skin 
thickening, architectural distortion, and calcifica-
tions) (Ganau et  al. 2009). The interaction 
between the adipocytes and the microvessels is 
the key to all the findings and undergoes different 
phases that may overlap:

 1. Phase 1: Edema formation:
During this phase, vessel damage gener-

ates an inflammatory reaction that initially 
causes vasoconstriction of arterioles (to pre-
vent bleeding) with posterior vasodilatation. 
This increases the intravessel pressure and 
plasma leaks into the tissue, causing edema 
and fluid collections (hematomas and sero-
mas), which can be seen in different forms 
depending on the imaging technique. In 
breast MRI, it is usually high signal intensity 
on T2WI and hypointense in T1WI.  This 
edema does not enhance after contrast 
injection.
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a b

c

d

Fig. 4 Woman with conservative surgery some days ago 
with positive margins and hemorrhagic collection in UOQ 
of left breast. (a) Ultrasound shows a fluid collection. (b) 
T1-WI shows a hypointense collection. (c) T2-WI shows 

a hyperintense collection. (d) Subtracted images show a 
peripheral and thin rim enhancement. There was no mac-
roscopic evidence of residual tumor

 2. Phase 2: Scar formation and inflammatory 
changes:

Damage to the vessels activates a cascade 
that ends with the production of fibrin, a pro-
tein that forms a meshwork with platelets with 
the aim of controlling bleeding. This mesh-
work also serves as a scaffold for fibroblasts 
and angioblasts. Fibroblasts create the extra-
cellular matrix of granulation, and angioblasts 
are necessary for angiogenesis. The associa-
tion with leukocytes and macrophages will 
form the granulation tissue that will mature 
into a scar. Findings on MRI will vary depend-
ing on the stage of the scar formation, and the 
main point is that angiogenesis is the cause 
for peripheral contrast enhancement in this 
phase, to be taken into account in order to dif-
ferentiate it from cancer recurrence. Scarring 
in breast MRI, mammography, or ultrasound 
will be seen as an architectural distortion 
(Fig. 5).

 3. Phase 3: Lipid cyst formation:
Rupture of fat cells causes lipid contents to 

be released into the interstitium, which in turn 
causes chemical irritation and inflammation. 
A fibrous capsule may form around the oily 
fatty acids forming a lipid cyst. In case of pre-
cipitation of calcium salts along the capsule, a 
lipid cyst with “eggshell calcifications” may 
form. These are seen in MRI as well-defined 
nodules that are hyperintense on T1WI and 
hypo- or hyperintense on T2WI. Enhancement 
of the capsule might be seen depending on the 
phase of the granulation tissue.

 4. Phase 4: Foreign body and chronic granulo-
matous change:

Another pathway for released fatty acids is to 
form a chronic granulomatous reaction in case 
of interaction with the immune system. Over 
time, a fibrous reaction or calcification may 
appear. MRI findings may be similar to those of 
both phases described above (Fig. 6).
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a b c

Fig. 5 Chronic hematoma: (a) hyperintense appearance 
on unenhanced T1-weighted images, (b) hypointense on 
T2-weighted images, and (c) dynamic contrast-enhanced 

T1-weighted images, where a subtle well-defined rim 
enhancement can be seen

a b

Fig. 6 Fat necrosis, inflammatory phase. (a) Dynamic 
contrast-enhanced T1-weighted images, where a periph-
eral rim enhancement can be seen. (b) T2-weighted image 
where the hypointense and partially enhancing (in T1-WI) 

fibrosis or scar tissue surrounds a hyperintense central 
area that corresponds with fat. If fat saturation methods 
are used, the central area would be hypointense, just like 
the rest of the fatty tissue

2.2  Timeline for Iatrogenic 
Changes in Breast

 1. Edema and skin thickening are present in all 
patients and gradually resolve over time, 

being present only in 20% of the patients after 
36 months.

 2. Scarring and fibrosis are present in all 
patients after 36  months and remain stable 
thereafter.
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 3. Fluid collections are present only in 40% of 
the patients and start to disappear after 
6–12 months, being very rare after 36 months.

 4. Calcifications are rare during the first 
12 months but will be present in 60% of the 
patients after 36 months (Fig. 1).

Granulation tissue starts forming 2–3  weeks 
after surgery. In case of performing MRI for 
residual disease, it should be performed during 
the first week after surgery, or we will encounter 
enhancement secondary to granulation tissue for-
mation that can lead us to false-positive findings 
(Fig. 7).

It is also important to know that radiation ther-
apy changes show enhancement up to 18 months 
after the end of the treatment. Any enhancement 
seen after 18–20 months should be viewed with 
suspicion, and recurrence should be ruled out.

2.3  Mastectomy

Mastectomy is the complete excision of the 
breast tissue. The state of the art recommends 
the excision of the nipple-areolar complex 
(NAC), the skin overlying, and the pectoral fas-
cia. Despite that, residual tissue sometimes 
exists and then the recurrence is possible. That is 
why it is important to determine if there is resid-
ual tissue after a mastectomy since that will 
change the patient’s follow-up protocol (Neal 
et al. 2014).

2.3.1  Radiological Tests and Findings
 1. Mammography is not routinely performed in 

mastectomy patients, but it should be per-
formed in order to determine the presence of 
residual breast tissue whenever it is feasible. 
In those cases, a fatty breast or breast with 
scattered fibroglandular tissue can be seen, 
difficult to differentiate sometimes from scar 
tissue (Fig. 8).

 2. Ultrasound is the technique of choice for 
examining the mastectomy bed. Subcutaneous 
fat, pectoral muscle, and fibrosis can be seen 
as well as possible complications as seromas 
or hematomas. Nodular lesions suggest recur-

rence. Distortions or acoustic posterior shad-
owing can be a postsurgical finding or a 
recurrence (Lee et al. 2013).

 3. MRI is the best technique for evaluating the 
type of surgery and the anatomical structures, 
showing the pectoral muscle when present, 
the axillary region, and the internal mammary 
chain. It is the choice technique for differenti-
ating scar from recurrence, especially in those 
doubtful cases on ultrasound. In addition, in 
those patients without a mammography after 
the surgery for evaluating breast residual tis-
sue, one MRI should be performed, and 
patients with residual tissue should be fol-
lowed up with MRI every year or every 2 
years (Fig. 8).

2.3.2  Recurrence and Follow-Up
Although mastectomy is supposed to entail a 
complete resection of the breast tissue, histologic 
exams have shown that some glandular breast tis-
sue remains after the surgery, so recurrence is 
possible, and surveillance is still needed.

About 10–15% of patients will develop a 
locoregional recurrence, and nearly one-third 
will present with synchronous metastases at diag-
nosis (Kim et al. 2010). The most common form 
of recurrence is local (50–70%), which tends to 
be symptomatic (Fig.  9). Single or multiple 
masses, skin or chest wall involvement (Fig. 10), 
and presence of suspicious calcifications can be 
seen (Yilmaz et al. 2007). Those findings should 
be differentiated from dystrophic calcifications 
or fat necrosis. The other form of presentation is 
with regional or distant lymph node involvement 
(30–40%), which is usually asymptomatic. Some 
locations such as supraclavicular, axillar, and 
internal mammary regions can cause pain, 
 brachial plexopathy, or arm lymphedema 
(Fig. 11). A recurrence should be ruled out with 
any new- onset lymphedema after treatment 
(Perez et al. 2017).

There is no consensus about the follow-up of 
these patients, but at least one MRI or mammog-
raphy examination after the surgery should be 
performed to evaluate the presence of residual 
fibroglandular tissue (Fig.  12). Ultrasound and 
MRI are the techniques of choice for follow-up, 

S. P. Rodrigo and J. Camps-Herrero



383

a

b

Fig. 7 Patient treated of hormonal receptor-positive IDC 
in UOQ of right breast. Axillary lymph node dissection 
was also performed showing one lymph node involved 
with IDC grade III with a different morphologic pattern 
being HER2+. Then, a second tumor in breast was sus-
pected. MRI was performed 2  weeks after surgery. (a) 
Postsurgical changes were noted in the lumpectomy area 

with some collections related to evolved hematomas, 
hyperintense on T1 and T2 sequences (red arrow), but 
without enhancement in subtracted sequence. (b) Close to 
the postsurgical changes, there was an oval lesion (yellow 
arrow) with a rim enhancement in the subtracted images 
that corresponded to a second primary breast cancer

but the screening should be adapted to the patient 
risk. If the patient has an increased risk of breast 
cancer (>20%) or the breast cancer diagnosis was 
at an age younger than 50  years or premeno-
pausal, annual MRI is recommended in addition 
to the screening ultrasound.

2.4  Breast-Conserving Treatment

Breast-conserving surgery is considered the first 
choice of treatment. It includes a surgical proce-
dure in which only a portion of breast is removed 
(lumpectomy, segmentectomy, or quadrantec-
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Fig. 8 Patient with a personal history of DCIS in right 
breast and posteriorly bilateral IDC.  Patient underwent 
bilateral mastectomy and mixed reconstruction with latis-
simus dorsi and silicone implant in right breast and with a 
heterologous reconstruction with silicone implant in left 
breast. Fat-free injection (lipofilling) was performed in 
both breasts. (a) Bilateral mammography with CC and 
MLO views was performed to determine the presence of 
residual fibroglandular tissue. There was an absence of 
residual tissue in left breast, but there were doubts about 

the right breast due to the fat of latissimus dorsi. The den-
sity of latissimus dorsi can be seen (red arrow) on the right 
breast. (b, c) Axial and sagittal planes on T2-WI con-
firmed the presence of residual tissue on the right breast 
(blue circles). In the right breast, the implant is located 
between the latissimus dorsi, which comes from the back 
(red arrow), and the pectoral muscle (yellow arrow). In the 
left breast, the implant has a retro-pectoral location behind 
the pectoral muscle (purple arrow)

a

b
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tomy) and adjuvant RT. The breast surgeon usu-
ally leaves metallic clips in the cavity edges to 
mark the outline of the surgical resection (Neal 
et al. 2014; Chansakul et al. 2012a).

2.4.1  Radiological Tests and Findings
Normal radiological findings after a conservative 
treatment can be misinterpreted as a recurrence, 
mainly because of the presence of fibrous and 
scar tissue and because of fat necrosis (Tayyab 
et al. 2018). It is essential to be familiar with the 
chronological changes that will occur (Mendelson 
1992) (Fig.  1). These benign changes should 
decrease or remain stable over time at least 
2–3 years after the radiation treatment (RT).

 1. Mammography is routinely performed after 
conservative treatment. The most common 
findings are skin thickening, increased breast 
density, seroma, architectural distortion, scar-
ring, dystrophic calcifications, and asymme-
tries (Neal et al. 2014; Ramani et al. 2017).

 (a) Edema and skin thickening will present 
the highest expression at 6 months after 
RT, and later they usually regress. It may 

be focal in the surgical area because of 
postsurgical changes or diffuse because 
of post-RT changes (Fig. 13). If there is 
an increase in edema, a differential diag-
nosis has to be established with obstruc-
tion of venous drainage, congestive heart 
failure (Fig. 14), infection, or lymph ves-
sel involvement (Mertz et  al. 1998; 
Libshitz et al. 1978).

 (b) Seroma or hematoma can be seen on the 
initial mammography following surgery. 
It appears as a round and oval mass or 
well-defined density due to the fluid-filled 
cavity. Sometimes, the mass or density 
may be partially obscured by the sur-
rounding breast edema. Most of them will 
be replaced by connective tissue and 
fibrosis during the following months and 
disappear within 12–18 months after sur-
gery, but sometimes they remain stable 
over time.

 (c) Architectural distortion appears as a spic-
ulated or irregular density, poorly defined, 
associated with skin retraction. The pres-
ence of a central radiolucency, thick spic-
ulations, and different imaging 
appearances with different mammo-
graphic views suggest more likely a post-
surgical origin (Fig.  15). In addition, it 
should reach its highest expression at 2 
years and later, be stable, or decrease in 
size and density. Other techniques like 
tomosynthesis, magnified and spot com-
pressed views, are very useful. 
Comparison with previous studies and 
correlation with unchanged mammo-
grams can lead to a correct interpretation. 
In case of doubt, an MRI or biopsy can be 
performed.

 (d) Asymmetries in size and density can be 
noted after postsurgical changes. 
Sometimes, they may be the only radio-
logical finding of a previous surgery espe-
cially when the metallic clips are not 
present.

 (e) Calcifications usually appear as typically 
benign, as large (>5 mm), lucent- centered, 
eggshell, or rim-like calcifications. 

c

Fig. 8 (continued)
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a b

c

Fig. 9 Same patient as in Fig.  8. The surveillance was 
annually performed with right mammogram (due to the 
autologous flap) and MRI (due to the high risk of cancer). 
One routinely performed MRI showed a nodular lesion in 
UOQ of the right breast that resembled an intramammary 
lymph node. (a) In T2 sagittal plane, a fatty center seemed 

to be seen. (b) Axial first dynamic sequence showed rim 
enhancement. (c) Second-look ultrasound showed a nodu-
lar lesion without fatty center. Then, core needle biopsy 
was performed with an IDC recurrence. Note that in this 
case, the recurrence was asymptomatic and only detected 
by MRI

a b

Fig. 10 Patient with a personal history of left-breast car-
cinoma, mastectomy, and implant-based reconstruction. 
(a) Ultrasound was performed due to a palpable lump in 
LIQ showing a nodular hypoechoic and well- 
circumscribed lesion. (b) Axial first post-contrast 
sequence at MRI showed a nodular and circumscribed 

lesion with rim enhancement. Additionally, enhancement 
of the area of mammary internal chain and a pericardiac 
enhancement (red arrows) were observed suggesting 
malignancy. These findings were only seen at MRI. Core 
true cut was performed with IDC result, and PET/CT was 
also performed detecting pericardiac involvement
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Commonly, dystrophic and suture calcifi-
cations due to fat necrosis or calcium over 
the suture material can be seen (Fig. 13). 
Linear, branching, and pleomorphic cal-
cifications should be considered suspi-
cious and warrant a stereotactic biopsy or 
MRI to distinguish from scarring and fat 
necrosis.

 2. Ultrasound may be complementary to mam-
mography in order to distinguish recurrence 
from postsurgical changes. Some of the 
benign findings that can be observed are 
architectural distortion or a mass.

 (a) Skin thickening, trabecular thickening in 
the subcutaneous fat, and edema can be 
produced because of postsurgical and 
post-RT changes. Some fluid collections 
can be seen interspersed with the fatty tis-
sue (Fig. 13).

 (b) Posterior acoustic shadowing related to 
postsurgical scarring is usually seen. 
Sometimes, the posterior aspect of a 
lesion is obscured. A practical tip for the 
differential diagnosis with recurrence is 
to change the orientation of the probe 
(Fig. 16). If the image is present in both 
views, an MRI or biopsy may be required.

 (c) A poorly marginated soft-tissue mass can 
be noted as a part of the evolutionary pro-
cess towards a scar, but it usually contains 
radiolucent areas centrally and decreases 
in size and density over time.

 (d) Postoperative seroma or hematoma can 
have variable appearances on ultrasound 
(Boostrom et  al. 2009). An anechoic or 
hypoechoic, round or oval, and well-
defined mass is usually seen, but some-
times a complex (solid-cystic) mass 
which usually decreases over time can 
appear (Fig.  17). In some cases, these 
lesions remain unchanged over time and 
become chronic. In this case, the differen-
tial diagnosis with a recurrent or suspi-
cious mass may warrant a biopsy if 
previous studies are not available.

a

b

c

Fig. 11 Patient with a personal history of right-breast 
carcinoma and mastectomy without reconstruction. 
Patient developed a left-arm lymphedema and inflam-
matory changes of left breast (contralateral to the 
breast carcinoma). (a) Axillary ultrasound showed mul-
tiple pathological lymph nodes. (b) Thoracic CT per-
formed before the onset of lymphedema, in the year 
2017, was normal. (c) Thoracic CT performed after the 
onset of lymphedema, in the year 2018, showed marked 
skin thickening, subcutaneous edema, and some nodu-
lar lesions (red arrows). The patient underwent surgery 
with the result of contralateral sarcoma metastasis. 
Then, any new- onset lymphedema after treatment 
should rule out a recurrence or new tumor
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a b c

Fig. 12 Patient with a personal history of right-breast 
carcinoma without reconstruction. Bilateral mammogra-
phy was performed 1 year after surgery, including the 
right breast, to evaluate the presence of residual paren-

chyma. (a) Although right MLO view did not show evi-
dence of residual fibroglandular tissue, CC view (b) 
showed a benign nodule in inner quadrants. (c) Ultrasound 
confirmed the presence of that nodule

 3. MRI is the technique of choice for differentia-
tion of scar from recurrence due to its high neg-
ative predictive value (Chansakul et al. 2012b; 
Gigli et  al. 2017; Soderstrom et  al. 1997). 
Benign findings as skin thickening, trabecular 
thickening, breast edema related to post-RT 
changes, and fluid-filled cavities related to sero-
mas are common (Fig. 7). An artifact due to sur-
gical sutures or clips can be observed, especially 
in gradient-echo sequences, and sometimes is 
the only radiological finding of a previous sur-
gery. The presence of a complex cystic and 
solid lesion can be seen when a hematoma or 
seroma becomes chronic. The most specific 
signs are the absence of enhancement in the 
dynamic sequences or the presence of a thin and 
smooth rim enhancement around the seroma. 
However, the presence of a nodular or an irregu-
lar enhancement should require a second-look 
ultrasound and a biopsy.

2.4.2  Recurrence and Follow-Up
The risk of recurrence is about 1–2% per year. 
There are two types of recurrences, early or late. 

Early recurrence usually occurs at the site of the 
original tumor, within the two first years after 
surgery, and represents a failure of treatment over 
the primary tumor (Fig.  18) (Gigli et  al. 2017; 
Dershaw et al. 1990). Late recurrence can occur 
at a distance from the treated area; it is most com-
mon after 10 years of treatment completion and 
usually represents a new primary tumor. Early 
detection is crucial because it is associated to 
improved survival (Colleoni et al. 2016).

Follow-up of these patients can be overwhelm-
ing, but knowledge of the previous history, com-
parison with previous studies, and evolution are 
essential for differentiating benign from recur-
rence since stability is usually achieved 2–3 years 
after treatment (Gunhan-Bilgen and Oktay 2007). 
After this period of time, any new density, mass, 
or suspicious calcifications should be biopsied to 
rule out recurrence (Fig. 19).

In cases of primary tumors with calcifications, 
a baseline mammogram just before RT could be 
performed in order to ensure their complete exci-
sion. A baseline mammography should be per-
formed 6–8  months after finishing treatment. 
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Fig. 13 Patient with a previous history of breast carci-
noma in UOQ of left breast with conservative surgery and 
radiotherapy. (a) CC and MLO views of left mammogra-
phy 1 year later showed diffuse edema (blue dot) and skin 
thickening (red arrow). (b) Follow-up mammography per-
formed next year showed decrease of the edema (blue dot) 

and skin thickening (red arrow), suggesting normal evolu-
tion. (c) Magnified view showed multiple benign calcifi-
cations, dystrophic (yellow arrow) and suture calcifications 
(red arrows). (d) Ultrasound performed some months 
after the surgery showed edema and trabecular thickening 
in the subcutaneous fat

a

b
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a b

Fig. 14 Patient with a personal history of breast cancer. 
The surveillance was performed with mammography 
every year. (a) MLO view of right breast with benign find-
ings. (b) MLO view of right breast performed the next 
year showed diffuse skin thickening (red arrow) and 
marked edema compared to previous mammography. A 
carcinoma was ruled out being those findings related to a 
congestive heart failure

c d

Fig. 13 (continued)

After that, an annual mammography performed 2 
years after RT is recommended, since thereafter 
the posttreatment changes should remain 
unchanged or decrease. An annual complemen-
tary ultrasound is optional (Berg et  al. 2008). 
MRI is the most useful imaging technique during 

the follow-up period due to its high negative pre-
dictive value, but the cost and the availability can 
be a problem in some hospitals (Chansakul et al. 
2012b; Swinnen et  al. 2018; Lam et  al. 2017; 
Spronk et al. 2018; Cho et al. 2017; Shah et al. 
2016).

3  Heterologous and Implant-
Based Breast Reconstruction 
(IBR)

Heterologous reconstruction is the most common 
type of breast reconstruction following cancer 
treatment. After mastectomy or conservative 
treatment, exogenous materials like implants or 
free injection of different substances as hyal-
uronic acid are used to compensate for the tissue 
defect to remodel the breast (Leibman and Misra 
2011; Lui et al. 2008; Khedher et al. 2011; Teo 
and Wang 2008). The hyaluronic acid has been 
withdrawn for this purpose due to safety  concerns 
because of the possibility of migration to other 
parts of the body, because of promoting the 
development of breast cancer, and because some-
times it produces radiological findings that can 
be difficult to differentiate from malignancy 
(Wong et al. 2016; Margolis et al. 2014).

Implant-based reconstruction or IBR is the 
heterologous reconstruction most commonly per-
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Fig. 15 Forty-two-year-old patient with a previous his-
tory of IDC in UQ of right breast in periareolar region, 
undergoing conserving surgery and RT. Follow-up mam-
mography with CC and MLO views was performed 1 year 

and 3 months after surgery showing a distortion with thick 
spiculations and a central radiolucency corresponding to 
postsurgical changes (red arrows). In this case, there were 
no metallic clips. Note the presence of skin thickening

formed, and, in some cases, it can involve a bio-
logical mesh or acellular dermal matrix (ADM) 
additionally to the implant (Dellacroce and Wolfe 
2013). Some of the advantages of the IBR over 
the autologous breast reconstruction (ABR) are 
lower morbidity rates since there is no donor site 
and it is a simpler procedure, shorter surgical and 
recovery times, no additional scars, and similar 
aesthetic aspect in color and texture to the adja-
cent tissue. However, there are also some disad-
vantages which include often necessary long-term 
adjustment, worse natural-looking breast, RT 
results in 40–50% capsular contractures, and 
implant-related complications (Gerber et  al. 
2015).

3.1  Breast Implants

Since the introduction of breast augmentation in 
the 1960s, many women have undergone these 
procedures for aesthetic reasons as well as recon-
structive surgery following breast cancer. Their 
use has increased in the last decades. Therefore, 
the American College of Radiology (ACR) has 
included implant evaluation in the latest edition 
of the BI-RADS lexicon.

Breast implants are devices composed of sili-
cone gel, saline (Fig.  20), or a combination of 
both, surrounded by an elastomer silicone shell. 
The immune system recognizes them as a foreign 
body and reacts forming a fibrous or external cap-
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a b

Fig. 16 Patient with a previous history of breast- 
conserving surgery. (a) Ultrasound showed a poorly cir-
cumscribed lesion, hypoechoic with posterior shadowing. 
(b) Ultrasound changing the orientation of the probe 

showed changes in the lesion appearance, adopting a lin-
ear morphology (red arrow) which allowed to do the dif-
ferential diagnosis with a recurrence

a b

Fig. 17 Patient with a previous history of breast- 
conservative surgery and RT. Some months after the sur-
gery, the patient consulted for pain, redness, and lump in 
that area. (a) Ultrasound showed a complex fluid collec-

tion related to an evolving hematoma that shortly after 
decreased. (b) Ultrasound 1 month later, the collection 
had decreased significantly

sule. They are placed in retro-glandular (Figs. 21 
and 23) or retro-pectoral location (Figs.  22 and 
23). There are various types regarding the number 
of lumen and their content, but the most common 
are unicameral (Figs.  20 and 23) (single lumen 
with saline or silicone-gel filled) and bicameral 

(or double lumen, usually with saline inner lumen 
and silicone outer lumen but being able to be the 
opposite). Both single- and double-lumen 
implants can have a permanent or temporary pur-
pose. After mastectomy, if the skin and pectoral 
muscle could not cover an implant of the required 
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size, a temporary implant or expander with at 
least one saline lumen is placed and the surgeon 
goes filling it over time until reaching the desir-
able volume. The  unicameral expander (Fig. 24) 
has a metallic fill-in valve in its anterior margin. 
The bicameral expander (Fig. 25) has a connector 
or tube (lying posteriorly) that extends from the 
inner lumen to the titanium fill-in valve, which is 
separated and located, as a subcutaneous port, lat-
eral to the implant. Posteriorly, the expander can 
be placed indefinitely or be replaced by a defini-
tive and common silicone-gel implant.

3.1.1  Radiological Tests
Clinical examination is limited in implant evalu-
ation and has low sensitivity for detecting rup-
tures. Therefore, imaging tests are necessary 
(Glynn and Litherland 2008; Berg et  al. 1993; 
Shah and Jankharia 2016; Juanpere et al. 2011; 
Gorczyca et  al. 2007; Brenner 2013; Pinel- 
Giroux et al. 2013).

Fig. 18 Patient with a personal history of breast- 
conserving surgery in UOQ of the right breast. Follow-up 
was performed with bilateral mammography and breast 
MRI. Sagittal reconstruction of the axial first subtracted 
image showed some non-mass enhancements in that 
quadrant, with a linear distribution. Two MRI-guided 
biopsies of both ends were performed (red arrows) with a 
positive result for malignancy

a

c

b

Fig. 19 Patient with a personal history of breast- 
conserving surgery in UOQ of the right breast 11 years 
ago. Follow-up was performed with bilateral mammogra-
phy and breast MRI. (a, b) Axial T1-WI sequences 
showed the presence of some pathological contralateral 

axillary lymph nodes at the second and third levels. (c) 
Ultrasound was performed and showed those enlarged 
lymph nodes of left axilla without fatty hilum. A core 
needle biopsy was performed with the result of 
malignancy
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Fig. 20 Patient with a personal history of breast- 
conserving surgery in UOQ of the left breast and bilateral 
heterologous reconstruction with saline implants. (a) 
MLO view of the right breast shows lower density of the 
implant than that of a silicone implant. (b) Ultrasound 
shows anechoic appearance, identical to that of a silicone 

implant. Note that the filling valve is the key to differenti-
ate a silicone implant. (c) CT is also showing the filling 
valve and the water density of the implant. (d) MRI axial 
T2-WI shows identical intensity to fluid. The filling valve 
is pointed with a red arrow in all the images

a b

c

Mammography has limited sensitivity to eval-
uate implant integrity, being useful only to show 
evident deformities, capsular contractures, cap-
sular calcifications (Fig.  26), extracapsular rup-
tures, and silicone migration through the 
glandular parenchyma, a very specific sign 
(Miglioretti et al. 2004).

Ultrasound is a safe and noninvasive test for 
evaluation of the integrity of the implant, as well 

as intracapsular and extracapsular rupture. 
Overall sensitivity and specificity rates range 
between 59–85% and 55–79%, respectively. It is 
the technique of choice in guiding interventional 
procedures without damaging the implant 
because it provides a direct view of the breast and 
implant in real time. However, it is an operator- 
dependent technique, and it is limited in evaluat-
ing the posterior aspect of the implant and to 
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distinguish silicone and saline material (both are 
anechoic) (Lake et al. 2013).

MRI is the most reliable technique to assess 
implant integrity. It has high sensitivity (80–90%) 
and specificity (90–70%) for implant rupture. It 
has the ability to differentiate silicone from saline 
and single from double lumen, as well as the 
expanders. Therefore, it is very useful to detect 
intracapsular and extracapsular rupture and also 
silicone migration to axillary and internal mam-
mary lymph nodes as well as to soft tissues. Cost, 
availability, motion, and artifacts are some of its 
disadvantages (Belli et  al. 2002; Middleton 
1998). In order to obtain high-quality images, 
specific examination protocols are necessary. It is 
recommended to obtain implant images at least 
in two perpendicular planes (axial and coronal or 
axial and sagittal). The sequences used to assess 
the implant integrity are variable, but at least a 
white silicone sequence (where fat and water are 
suppressed, and silicone is white) is necessary. 
Other complementary sequences are axial T1W, 
axial T2W, and black silicone (axial STIR with 
silicone suppression) (Fig.  27). This protocol 
makes no sense in saline single-lumen implant 
evaluation since saline will look exactly like 
 liquid in all sequences (Fig. 28), and then if there 
is a rupture, the patient will know it because the 
implant volume will decrease. In a similar way, 

the use of MRI to evaluate saline single-lumen 
expander with anterior fill valve also makes no 
sense, since the metallic valve will produce an 
artifact that will prevent the assessment of that 
hemithorax. However, MRI is still useful to eval-
uate the contralateral breast (Fig. 24). The possi-
bility of small movement of the metallic valve 
because of the magnetic field is not a problem, 
since the surgeon can locate the valve with the 
help of a magnet. Therefore, the only obstacle to 
MRI could be a burning sensation on the skin of 
the patient which is uncommon. The use of con-
trast is not necessary if MRI is only intended to 
evaluate the implant, but in the setting of IBR 
after breast cancer it is recommended (Wong 
et al. 2016).

3.1.2  Normal Findings
Implants are seen as well-defined oval masses. 
The presence of radial or subcapsular folds, a 
small amount of periprosthetic fluid, rippling, 
and fibrous bands are considered normal (Perez 
et al. 2017; Juanpere et al. 2011; Gorczyca et al. 
2007).

 1. Mammography will show the implant as a 
hyperdense mass. The oblique view will 
reveal the implant location with respect to the 
pectoral muscle. Silicone appears denser than 
saline (especially if the window is narrowed), 
and it is possible to distinguish both type of 
implants when they are unicameral or both 
chambers when they are bicameral (Figs. 20a 
and 21a, b).

 2. At ultrasound, the implant shows the intact 
shell as a thin and continuous echogenic line 
at the parenchyma tissue-implant interface. 
Both silicone and saline materials have an 
anechoic appearance (Fig. 25c). Therefore, it 
is not possible to distinguish both compo-
nents when there is a bicameral implant or to 
identify a saline unicameral implant if the 
clinical history is unknown and the patient 
also ignores it. Sometimes, the filling valve in 
saline unicameral implants may be seen in 
the posterior aspect of it (Fig.  20c). Some 
normal findings that can be seen are the 
following:

d

Fig. 20 (continued)
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Fig. 23 Patient with a personal history of right-breast 
carcinoma treated with mastectomy. A reconstruction 
with a unicameral silicone implant with retro-pectoral 
location in right breast and with a left mastopexy and uni-
cameral silicone implant with retro-glandular location. 
Axial T2-WI showing the pectoral muscle pointed with a 
red arrow going above the implant in the right breast and 
behind the implant in the left breast

a b

Fig. 21 Patient with a personal history of bilateral breast 
implants for aesthetic reasons. Screening mammography 
was performed. (a) MLO view showed a unicameral sili-
cone implant and part of the fibroglandular tissue. The 
pectoral muscle (red arrow) is seen behind the implant 
which indicates a retro-glandular position. (b) Implant- 
displaced views were performed to be able to view all the 
fibroglandular tissue avoiding the implant interposition

a b

Fig. 22 Patient with a personal history of bilateral uni-
cameral silicone breast implants for aesthetic reasons. 
Screening mammography was performed. (a) MLO view 
showed silicone implant without abnormalities and the 
retro-pectoral location with the pectoral muscle (red 
arrow) above the implant. Part of the fibroglandular tissue 
is also seen. (b) Implant-displaced views (Eklund views) 
were performed to be able to view all the fibroglandular 
tissue avoiding the implant interposition

 (a) Reverberation artifacts are noted along 
the anterior aspect of the implant 
(Fig. 28b).

 (b) Subcapsular and radial folds due to in- 
folding of the implant elastomer can be 
seen as echogenic lines extending from 
the periphery to the center of the implant 
(Fig. 29).

 (c) Small amounts of peri-implant fluid 
(Fig. 29). One must be careful with any 
new onset of peri-implant fluid time 
after surgery due to a possible breast 
implant- associated anaplastic large-cell 
lymphoma (ALCL) (Adrada et al. 2014; 
O’Neill et  al. 2017; Leberfinger et  al. 
2017). A FNA will be necessary to do 

the differential diagnosis with infec-
tion, hematoma, and inflammation 
(Fig. 30).
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Fig. 24 Patient with a personal history of right mastec-
tomy and temporary reconstruction with a single-lumen 
expander, which has the filling valve in the front of the 
implant with a metallic part that the surgeon identifies 
with a magnet (a). (b) Axial T1-WI sequence where the 
right breast is not valuable. However, the contralateral 

breast can be examined without any problem. (c) 
Ultrasound image can show an inner hyperechoic line 
below the elastomer that could be misinterpreted as an 
intracapsular rupture. (c) The key is to identify the metal-
lic valve

 (d) Some pitfalls can be seen. In patients 
with bicameral implants (but unknown 
to us and to the patient), the elastomer 
of the inner lumen can be misinter-
preted as a subcapsular line of a uni-
cameral implant, leading to an incorrect 
diagnosis of intracapsular rupture 
(Fig.  25c). Radial and intracapsular 
folds can also be misinterpreted as an 
intracapsular rupture, although the 
radial folds are usually smooth lines 
presenting as a prolongation of the elas-
tomer. The presence of peri- implant 
calcifications in old implants with cap-
sular contracture can appear as an irreg-
ular or discontinuous line that can be 
misinterpreted as a shell rupture, espe-
cially when there is no previous mam-
mogram or CT (Fig. 26).

 3. MRI allows for correct identification of the 
number of lumens and type of implant. Silicone 
material will be hypointense in T1 and STIR-
weighted images, hyperintense in T2-weighted 
images, white in white silicone sequences, and 
black in black silicone sequences. It will show 
the relationship of the implant to the pectoral 
muscle. In cases of bicameral expanders, the 
connector route and valve location can be 
observed, but it is important to widen the field 
of view and review the gradient-echo sequences 
where both components are more evident 
(Figs. 20, 21, 22, 23, 24, and 25).

 (a) Radial folds are often seen as a normal fea-
ture, although, when complex, it can occa-
sionally be difficult to differentiate from 
an intracapsular rupture. The presence of 
fluid outside of the elastomer is the key to 
make the differential diagnosis (Fig. 29).
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Fig. 25 Patient with a personal history of left-breast can-
cer treated with a mastectomy. Reconstruction was per-
formed with a double-lumen expander with saline inner 
lumen and silicone outer lumen. Saline inner lumen is 
filled over time through a tube that is connected with a 
titanium fill-in valve located, as a subcutaneous port, lat-
eral to the implant. (a) Axial plane T2-WI. Saline inner 
lumen is hyperintense (red dot), and silicone outer lumen 
is isointense (purple dot). The tube is lying posteriorly and 
extends from the inner lumen to the fill-in valve (red 
arrow). (b) Axial plane black-silicone sequence. Silicone 

outer lumen is hypointense. The tube (yellow arrow) is 
connecting the inner lumen, going lateral to the implant to 
the titanium fill-in valve (yellow dot). (c) At ultrasound, a 
line can be seen separating both chambers (red arrow), the 
inner lumen with saline (red dot) and outer lumen with 
silicone (purple dot). The ultrasonographic appearance is 
then the same for both (anechoic), so it is impossible to 
distinguish them if you do not know the type of implant. 
(d) The connector tube can be seen lying posteriorly and 
can be continued going towards the fill-in valve. The 
appearance is like a train track (yellow arrow)
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Fig. 26 Patient with augmented mammoplasty with sili-
cone unicameral implants. Patient suffered a trauma, and 
the right implant changed the shape. Clinical capsulitis 
was present in both implants. (a) MLO-view mammogra-
phy is showing some irregularities in the implant surface 
that corresponded to some calcifications (red arrows). The 
shape was not normal, but it was not possible to rule out a 
rupture. (b) Ultrasound showed also the irregularities of 
the implant surface (red arrow) and double line in the sur-
face (yellow arrow). Then, MRI was recommended. (c) 

Sagittal T2-WI showed some hypointense lines inside the 
implant (yellow arrow) but was difficult to define if they 
corresponded to prominent radial folds or intracapsular 
rupture because neither silicone nor fluid was seen on the 
outside of the fold. An extracapsular rupture was not seen. 
(d) Surgical picture showed the capsule with grade IV 
capsulitis and calcifications (red arrow) and the implant 
without intracapsular rupture. (Pictures provided by the 
Dr. Martina Marin-Gutzke (Plastic surgeon MD.  San 
Rafael Hospital. Madrid. Spain))

Fig. 27 Patient with bilateral mastectomy with heterolo-
gous reconstruction with silicone unicameral implants for 
evaluating implant complications. The protocol should 
include axial images on T2-WI (silicone is hyperintense), 

on T1-WI (silicone is hypointense), on white silicone 
sequence (silicone and only silicone is completely white), 
and on black silicone sequence (silicone is dark). Sagittal 
image acquisition is also recommended
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Fig. 28 Patient with a personal history of left-breast car-
cinoma with bilateral reconstruction with saline implants. 
(a) Mammography MLO view shows a hyperdense and 
oval implant, but the density is lower than that of silicone 
implants, and in fact the fill-in valve can be seen (red 
arrow). (b) Ultrasound shows an oval and well-defined 
implant with anechoic content, identical to that of sili-
cone. The red dot is pointing to the reverberation artifact. 

Sometimes, it is difficult to see the fill-in valve due to its 
location. (c) At MRI, the implant shows fluid appearance 
in all the sequences. If the technician ignores the type of 
implant and uses white silicone and black silicone 
sequences, the images will appear all dark gray in both 
cases, and then a failure in the fat and water suppression 
might be misinterpreted
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Fig. 29 Patient with bilateral mammoplasty with uni-
cameral silicone implants. (a) Ultrasound shows hyper-
echoic line inside the implant that corresponds to a 
subcapsular fold (red arrow). (b) Sagittal plane on T2-WI 
shows a small and normal amount of peri-implant fluid. 

(c) Sagittal plane on T2-WI shows a radial fold going 
through the inside of the silicone (red arrow). Fluid is seen 
on one side of the fold, while silicone is seen on the other, 
which differentiates it from an intracapsular rupture
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Fig. 30 Patient with a personal history of bilateral mam-
moplasty with silicone implant came for pain and increase 
of volume to right breast. (a) Ultrasound revealed the 
presence of new onset of peri-implant fluid with some 
septa inside. (b) Axial plane in T2-WI showed the same 
findings. A breast implant-associated anaplastic large 
lymphoma should be ruled out, so a FNA was performed 
to do the differential diagnosis with infection, hematoma, 
or inflammation. This patient had a streptococcus 
infection

a

b

Fig. 31 Patient with a personal history of bilateral mam-
moplasty with silicone implant came for a follow-up with 
mammography and ultrasound. (a) Ultrasound revealed 
the presence of the elastomer floating in the silicone gel, 
which is called “stepladder sign.” Additionally, there was 
a hyperechoic content inside the implant. (b) Axial plane 
in white silicone sequence showed the signs of “keyhole” 
(red arrow) and “subcapsular line” (yellow arrow) sug-
gesting an intracapsular rupture with minimal collapse

 (b) Thickening of the fibrous capsule with or 
without calcifications that can be associ-
ated to a certain degree of capsular 
contracture.

 (c) Small amount of peri-implant fluid: It is 
important to note that T2-weighted 
images should have a high TR value in 
order to obtain the hyperintensity of the 
fluid and be able to differentiate it from 
the fatty tissue.

3.1.3  Intracapsular Rupture
The diagnosis is usually made with ultrasound or 
MRI (Perez et al. 2017; Berg et al. 1993; Juanpere 
et al. 2011; Gorczyca et al. 2007; Scaranelo et al. 
2004; Hillard et al. 2017):

 1. At ultrasound, subcapsular and irregular lines 
or hyperechoic content inside the implant can 
be indirect signs, but the most reliable finding 
is the “stepladder sign,” which corresponds to 
the ruptured elastomer floating in the silicone 
gel and is seen as hyperechoic lines extending 
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beyond the interior of the implant resembling 
a ladder or railway (Fig. 31a).

 2. At MRI, silicone outside the elastomer can be 
seen but still contained by the fibrous and 
external capsule. There can be different grades 
of rupture:

 (a) Without collapse: “keyhole,” “teardrop,” 
“inverted loop,” or “noose” signs. The 
silicone has spread more over the elasto-
mer in a focal area being the extravasation 
confined to the fibrous capsule and with 
adhesions at their ends. Therefore, the 
appearance is similar to a radial fold but 
with silicone on both sides of elastomer. 
None of these signs is a reliable sign of 
rupture on its own but combined with 
other imaging features may suggest intra-
capsular rupture. In fact, these signs can 
also be seen as a result of “gel bleed,” 
which occurs when silicone passes 
through an apparently intact elastomer 
(Fig. 31b).

 (b) With minimal collapse: “Subcapsular 
line” is a parallel and hypointense line to 

the fibrous capsule, also with silicone on 
both sides and with a wider and circumfer-
ential extension. It represents an evolution 
of the previous stage, with a greater extrav-
asation and wider base of the invagination 
of the elastomer than without collapse 
(Fig. 31b).

 (c) With partial or total collapse: “Linguine” 
or “wavy line” signs. There is free- floating 
elastomer within the implant. Some 
curved and hypointense lines are seen 
inside the shell. It represents a complete 
rupture of the elastomer with the presence 
of free silicone between it and the fibrous 
capsule. It is the most reliable sign of 
intracapsular rupture (sensitivity and 
specificity of 96 and 76–97%, respec-
tively) (Fig. 32).

 (d) The “salad oil” or “droplet” sign is the 
presence of one or multiple pockets of 
fluid inside the silicone, and it is not a 
necessary sign of intracapsular rupture. It 
can be seen in addition to other signs of 
rupture (Fig. 33).

Fig. 32 Patient with a personal history of left-breast carcinoma with mastectomy and an implant-based reconstruction. 
On coronal T2 sequence MRI, a linguine sign can be observed regarding a collapsed intracapsular rupture
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The most common double-lumen implants 
are filled with saline in the inner lumen and 
with silicone in the outer lumen. An intracap-
sular rupture is possible in both lumens. The 
inner lumen rupture results in a disruption of 
the normal internal architecture of the implant 
(Fig. 34). The outer lumen rupture results in 
radiological finding similar to that in a sili-
cone one-lumen implant rupture. Sometimes 
and during the expansion process, the inner 
lumen might not be fully inflated and thus 
may appear to have multiple folds or wrinkles 
in the surface for example on CT evaluation. 
This should not be interpreted as a rupture 
(Glynn and Litherland 2008).

3.1.4  Extracapsular Rupture
It is less common than intracapsular rupture, espe-
cially since new cohesive materials have devel-
oped. There is a rupture of both implant elastomer 
and fibrous capsule. Macroscopic silicone is thus 
seen beyond fibrous capsule, in peri- implant 
regions like the breast parenchyma, and a sili-
conoma may be seen when the body reacts against 
a foreign material like silicone. Silicone can also 
migrate to axillary or internal mammary lymph 
nodes, soft tissues, or other lymphatic regions 
(Perez et al. 2017; Berg et al. 1993; Juanpere et al. 
2011; Gorczyca et al. 2007; Scaranelo et al. 2004; 
Hillard et al. 2017; Caskey et al. 1999). The pres-
ence of free silicone outside the fibrous capsule 
without an evidence of an extracapsular rupture 
can be explained by the presence of a previous 
implant ruptured and posterior replacement or by a 
gel bleeding or leakage of silicone that is picked 
up by the lymphatic vessels and carried to the 
lymph nodes (Fig.  35). In the latter, the lymph 
nodes can show a snowstorm sign or be enlarged 
due to reactive lymphadenitis.

 1. At mammography, a well- or ill-defined 
hyperdense mass outside the implant is the 
most common finding. Change of the contour 
of the implant or enlarged and hyperdense 
axillary lymph nodes due to silicone migra-
tion can be noted (Fig. 35a).

Fig. 33 Patient with a personal history of bilateral mam-
moplasty with silicone implants. On sagittal T2 sequence 
MRI, some fluid signal drops can be observed inside the 
silicone of the right implant but without any other sign of 
rupture

Fig. 34 Patient with a personal history of bilateral mas-
tectomy with double-lumen implants. Axial T2 sequence 
MRI shows the implant with the inner lumen with saline 
content (blue dot) and outer lumen with silicone content 
(yellow dot). The red arrow is pointing to the elastomer 
floating inside the silicone of the outer lumen
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Fig. 35 Patient with bilateral mammoplasty with uni-
cameral silicone implants. The patient had a previous 
extracapsular rupture some years ago and changed the 
implants. (a) Left mammogram shows dense, oval, and 
circumscribed nodules in breast tail (red arrow) and in 
outer quadrant (yellow quadrant). (b) Ultrasound shows 
the mammographic nodules corresponding to a hyper-

echoic nodule with snowstorm sign in breast parenchyma 
(yellow arrow) and in axillary tail (c) regarding an infil-
trated lymph node (red arrow). (d, e) Axial plane on white 
silicone sequence shows silicone inside both nodules in 
breast parenchyma (yellow arrow) and in axillary lymph 
nodes (red arrow) related to the previous extracapsular 
rupture

 2. At ultrasound, hypoechoic nodular lesions 
related to granulomatous reaction to foreign 
body or a loss of normal implant-parenchy-
mal interface might be seen. However, the 
most specific sign is the “snowstorm” sign 
that appears as a diffusely increased echo-
genicity with posterior enhancement 
(Fig. 35b, c).

 3. MRI is the most sensitive technique for 
detecting small foci of migration. 
Extracapsular silicone can be seen in the 
parenchyma, lymph nodes, or soft tissues. 
Free silicone will show the same signal inten-
sity than intracapsular silicone in all 
sequences and no enhancement in recent rup-
tures. Over time, with granulomatous reac-
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Fig. 36 Patient with bilateral mammoplasty with uni-
cameral silicone implants. (a) Left mammogram with 
OML view with the implant visible, decreasing the breast 
tissue visualization. (b) Eklund technique where the 
implant is pushed towards the chest wall to increase the 
parenchymal visibility

tion, the signal intensity may change and 
present some enhancement after intravenous 
contrast administration (Fig. 35d, e).

3.1.5  Recurrence and Follow-Up
The risk of breast cancer in women with or with-
out breast implants is the same (Brett et al. 2018). 
Thus, there is no consensus on the follow-up of 
women with implants for aesthetic purposes. 
However, implants may interfere with early 
detection of cancer since breast tissue visualiza-
tion decreases by 30–50% (Fig. 36a). Therefore, 
the Eklund technique (where the implant is 
pushed towards the chest wall to increase the 

parenchymal visibility) (Fig. 36b) and ultrasound 
in addition to the routine projection mammo-
grams should be performed. MRI is the most sen-
sitive and specific technique for evaluating 
implant integrity (about 72–94% and 85–100%, 
respectively). In addition, the risk of rupture 
increases with the longevity of the implant. Both 
aspects have led the FDA to recommend MRI 
every 2  years from 3 after implant placement. 
However, due to the cost and availability, MRI 
has been recommended only for cases with suspi-
cion of rupture after mammography and ultra-
sound or in cases of normal findings on 
conventional techniques but clinical suspicion for 
rupture.

In patients with IBR due to a previous history 
of breast cancer, screening should be adapted to 
the type of surgery (see recurrence and follow-up 
of mastectomy and conservative treatment; Sects. 
2.3.2 and 2.4.2) and to the patient’s risk.

3.2  Complementary Meshes

Meshes are used preferentially for immediate 
reconstruction when skin or pectoral muscle 
cannot cover the implant. They make a one-
stop reconstruction with reduced muscle 
defects and placement of a definitive implant 
instead of a temporary expander followed by a 
second surgery for the definitive implant pos-
sible. They provide an improved aesthetic out-
come with natural shape (Gerber et  al. 2015; 
Jacobs and Salzberg 2015; Reitsamer and 
Peintinger 2015).

However, the radiologist should be aware of 
the radiological findings. Mammography is not 
commonly performed in those patients who have 
undergone mastectomy or extensive surgeries. 
Ultrasound can show irregular masses (Fig. 37a), 
sometimes with posterior shadowing, adjacent to 
the implant that corresponds to folds of the mesh 
and might be interpreted as suspicious findings, 
leading to biopsy and possible damage of the 
mesh. MRI will show absence of uptake of these 
images (Fig.  37b) that usually are bilateral and 
symmetrical.
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Fig. 37 Patient with bilateral mastectomy with the first 
follow-up 1 year after the surgery. US shows a hypoechoic, 
ill-defined mass adjacent to the implant (a) that corre-

sponds to a fold of the mesh that did not show enhance-
ment after the IVC administration (b)

4  Autologous Breast 
Reconstruction (ABR)

It involves the use of endogenous material from 
the patient’s own body to reshape the breast. It 
can include autologous tissue flaps or free-fat 
injection. Sometimes, immediate autologous and 
heterologous reconstructions are supplementary 
rather than opposing each other, as for example 
the latissimus dorsi flap or the free-fat injection 
when combined with implant reconstruction 
(Margolis et al. 2014; Pinel-Giroux et al. 2013).

4.1  Autologous Flaps

They involve the use of skin, fatty tissue, and 
sometimes muscle from the patient’s own body to 
reshape the breast. Advances in oncoplastic sur-
gery over the past years have led to an increasing 
number of women requesting autologous flap 
reconstruction. Pedicle flaps, mainly from the 
abdomen, are the standard procedure (Neal et al. 
2014). The most common free-flap surgery is the 
deep inferior epigastric perforator (DIEP) flap. 
The choice of procedure depends on the habitus, 
patient’s wishes and ideas, risk factors (smoking, 
diabetes mellitus, obesity, previous surgeries, 
radiation, history of thrombosis, cardiovascular 
disease, etc.), possible postmastectomy radio-

therapy (PMRT), and skills of the surgeon. Some 
of the advantages of the ABR over the IBR are no 
implant needed, natural appearance and aesthetic 
outcome, better long-term outcomes with natural 
aging process, suitable for irradiated tissue, 
shorter surgical and recovery times, no additional 
scars, and similar aesthetic aspect in color and 
texture to the adjacent tissue. However, there are 
also some disadvantages which include higher 
complexity, higher morbidity with higher rate of 
complications of the donor site, longer surgery, 
need of highly experienced surgeons, and higher 
cost, although autologous reconstruction can 
even become more cost effective than implant- 
based reconstruction in the long term (Perez et al. 
2017; Gerber et al. 2015; Dialani et al. 2012).

4.1.1  Classification
There are different types of autologous flaps, 
depending on the following (Table 1):

 1. Donor site: abdominal, dorsal, gluteal, inner 
thigh, or other regions.

 2. Composition: myocutaneous flap (with skin, 
fat, muscle, and vascular pedicle) or muscle- 
sparing free flap (with skin, fat, and vascular 
supply; then the muscle is not transferred).

 3. Connection between the vasculature and the 
donor site: pedicle (connected with the donor 
site over a vascular pedicle; there is no micro-
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Fig. 38 Patient with a personal history of right-breast 
carcinoma with autologous reconstruction with pedicle 
TRAM flap. (a) Mammography CC view shows a radiolu-
cent breast with a dense and triangular shape correspond-
ing to the abdominis rectus muscle above the pectoral 
muscle (red arrow). (b) T1-WI at MRI shows the rectus 

muscle with hyperintense lines inside corresponding to 
fatty degeneration (red arrow). (c) Same sequence but in 
an inferior slice shows the rectus muscle crossing the mid-
line going to the abdomen (blue arrows). (d) Abdominal 
CT shows the absence of the left rectus muscle (yellow 
arrow)

surgery of vessels) or free flap (there is no 
connection between the donor site and the 
flap; microsurgery is needed between a pedi-
cle transferred and new vessels).

Taking into account the aforementioned fac-
tors, autologous flaps can be classified as follows 
(Dellacroce and Wolfe 2013; Dialani et al. 2012; 
Pinel-Giroux et al. 2013; Granzow et al. 2006):

 1. Pedicle transverse rectus abdominis muscle 
(TRAM) flap: It is a myocutaneous flap. The 

abdominis rectus muscle is transferred with 
its corresponding vascular supply (superior 
epigastric artery) (Devon et al. 2004) (Fig. 38).

 2. Free TRAM flap: It is a myocutaneous flap, 
but only a portion of the abdominis rectus 
muscle is transferred. Therefore, the abdomi-
nal wall morbidity is less than that in pedicle 
TRAM. The vascularization depends on per-
forating branches of the deep epigastric artery, 
which comes from the inferior epigastric 
artery. Microsurgery with the mammary inter-
nal vessels is required (Chen et al. 2007).
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 3. Deep inferior epigastric perforator (DIEP) 
flap: It is a muscle-sparing free flap. The 
donor site is the abdomen, where only a por-
tion of the skin and fat is transferred. Unlike 
the TRAM flap, the abdominis rectus muscle 
is preserved. The vascularization also depends 
on perforating branches of the deep epigastric 
artery and then microsurgery is needed 
(Fig. 39).

 4. Superficial inferior epigastric artery (SIEA) 
flap: It is a muscle-sparing free flap of abdom-
inal origin. It is similar to DIEP (the muscle is 
preserved), but the vascular supply depends 
on the superficial epigastric artery.

 5. Latissimus dorsi (LD) flap: It is a myocutane-
ous flap. The muscle transferred is the latissi-
mus dorsi with its corresponding vascular 
supply (thoracodorsal artery). It is usually 
combined with an implant to increase the vol-
ume of the muscle (Monticciolo et al. 1996; 
Rainsbury 2002; Taglialatela Scafati et  al. 
2017; Demiri et al. 2018) (Fig. 40).

 6. Thoracodorsal artery perforator (TDAP) 
flap: It is a muscle-sparing free flap origi-
nated in the back. The vascular supply 
depends on perforator branches of thora-
codorsal artery. Unlike the LD flap, the latis-
simus dorsi muscle is preserved. 
Microsurgery is not required.

 7. Originated in other regions, as for example 
the transverse upper gracilis (TUG) flap from 
the inner thigh or SGAP or IGAP (superior or 
inferior gluteal artery perforator) flaps 
(Lotempio and Allen 2010).

4.1.2  Radiological Tests
The main and common characteristic of all autol-
ogous flaps is the transfer of skin and fat for mod-
eling a new breast. Therefore, fatty tissue is seen 
with all imaging techniques (Dialani et al. 2012).

Mammography will be essentially fatty tissue 
and so radiolucent (Figs. 38a, 39a, and 40a). If 
there is a myocutaneous flap, variable density 
due to the muscle component or postoperative 
scarring can be seen. Therefore, the presence of 
microcalcifications or new densities will be of 
higher contrast and easier detected (Mele et  al. 
2017).

Ultrasound is less productive in these patients 
than in patients who have undergone mastectomy 
with other types of reconstruction because of 
low contrast between lesions and surrounding 
fat. Frequent scars and fat necrosis can pro-
duce hard palpable lumps that make the inter-
pretation of the findings difficult.

MRI will show the fatty flap as well as if there 
is residual breast tissue. It is very useful in dif-
ferentiating scar or fat necrosis from recurrence, 
since it can demonstrate the presence of fat inside 
the lesion (Fig. 39a, c) or the absence of enhance-
ment after IVC administration. Additionally, it is 
the only technique that can show with precision 
the vascular supply of the flap and the region of 
the internal mammary chain.

4.1.3  Normal Findings
Radiologists have to be familiar with the normal 
and abnormal appearance of the different types of 
autologous flaps. All techniques will show a fatty 
breast. The presence of a muscle will reveal a 
myocutaneous flap (Figs.  39 and 40) although 
over time the muscle will suffer atrophic changes 
and its appearance will become fattier. The pres-
ence of vascular anastomosis will reveal a 
muscle- sparing free flap (Fig.  39). The anasto-
mosis is usually performed with the internal 
mammary vessels located in the first or second 
intercostal space, so these findings can be the 
only sign of a previous failed autologous recon-
struction. Besides, it is important to assess the 
viability of the flap, especially at MRI.

 1. At mammography, a radiolucent breast is seen 
(Figs.  38a, 39a, and 40a). Thin radiopaque 
line in the periphery corresponding to the der-
mal tissue of the flaps is observed. A higher 
density above the pectoral muscle, which 
decreases over time due to fatty infiltration, 
can be seen in myocutaneous flaps. When the 
donor site is the abdomen, the muscle trans-
ferred is usually seen as a triangular shape 
above the pectoral muscle (Fig. 38) unlike the 
back origin where the muscle is usually seen 
in a parallel distribution (Fig. 40). The micro-
surgery cannot be seen due to the location 
(Mele et al. 2017).
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Fig. 39 Patient with a personal history of left-breast car-
cinoma with autologous reconstruction with DIEP flap. 
(a) Mammography OML view shows a radiolucent breast. 
Two nodular and calcified images (red arrows) are seen in 
correlation with fat necrosis. (b) T1-WI at MRI shows 
postsurgical changes in the first intercostal space (blue 

arrow) due to the vascular anastomosis. (c, d) T1-WI and 
subtracted images in the same slice show fat inside the fat 
necrosis despite the presence of peripheral enhancement 
(red arrows). (e) Abdominal CT shows postsurgical clips 
in the abdominal wall but with the rectus muscle 
preserved

 2. At ultrasound, a hypoechoic breast is seen. 
A thin hyperechoic band in the periphery 
can be noted under the skin. The muscle 

transferred can be identified and can be fol-
lowed if the technique of the flap is known. 
With the Doppler technique, the intravas-
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Fig. 40 Patient with a personal history of bilateral mas-
tectomy with autologous reconstruction with latissimus 
dorsi flap combined with a silicone implant. (a) 
Mammography OML view shows a radiolucent breast 
with the latissimus dorsi muscle above the implant in a 
parallel distribution (red arrow) and the pectoral muscle 

shadow behind the implant. (b) Eklund technique shows 
the latissimus dorsi muscle (red arrow) and absence of 
residual fibroglandular tissue. (c) T2-WI at MRI shows 
the pectoral muscle behind the implant (yellow arrow) and 
the latissimus dorsi coming from the back (red arrow)

cular flow in the anastomosis can be 
assessed.

 3. At MRI, the type of flap can be perfectly dis-
tinguished. The muscle is seen in myocutane-
ous flaps (Figs. 38 and 40), and if one follows 
it, one can see the origin. In the same way, one 
can examine the first intercostal spaces 
(Fig. 39b) to detect an anastomosis with the 
internal mammary chain or the lateral chest 
wall to detect vessels or muscle towards the 
back (Fig. 40c). It is important to review the 
T1 and T2W images to see the muscles despite 
the atrophic changes and also to use a wide 
field of view (FOV) to see the lateral chest 
wall. MRI is also the best technique to assess 
a good vascularization of the flap.

 4. At abdominal CT, we can see the rectus 
abdominis area and distinguish the type of 
flap when the origin is abdominal. The pedicle 
TRAM shows absence of one rectus abdomi-
nis muscle (Fig.  38d). The free TRAM flap 
shows a partial defect of the muscle. The 
DIEP flap shows postsurgical clips surround-
ing the muscle, but the latter will be preserved 
(Fig.  39e). The SIEA flap shows an intact 
muscle, and postsurgical clips are seen at the 
origin of the superficial epigastric artery.

4.1.4  Complications
Fat necrosis is one of the most common compli-
cations, especially in abdominal flaps (Devon 
et  al. 2004; Tayyab et  al. 2018) (Fig.  39). It is 
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clinically suspected when a new hard and palpa-
ble lump appears close to scarring areas. 
Differential diagnosis with a recurrence should 
be established, and radiological tests are needed.

Vascular complications such as venous con-
gestion or arterial failure can be seen, especially 
when a microsurgery with anastomosis is required. 
Inflammatory changes are seen in cases of venous 
congestion with skin thickening, edema, and 
enhancement. A failure of the flap occurs when 
there is an arterial failure, and then a new anasto-
mosis or new reconstruction is required.

Fluid collections as seromas, hematomas, or 
abscesses (Keidan et  al. 1990) can be seen in 
some cases.

4.1.5  Recurrence and Follow-Up
No statistically significant differences in recur-
rence rates of reconstructed and non- 
reconstructed patients have been demonstrated. 
The recurrences in these patients can be located 
predominantly in two areas. One of them is the 
superficial region, in the transition line between 
the flap and the subcutaneous fat of the native 
breast, which may be clinically detected. The 

other one is the deep portion of the flap, anteri-
orly to the pectoral muscle, which is rarely 
detected clinically.

Clinical examination is less sensitive than in 
surgeries without reconstruction or with heterol-
ogous reconstruction. Therefore, radiological 
tests are needed, and as previously stated, screen-
ing should be adapted to the type of surgery (see 
recurrence and follow-up of mastectomy and 
conservative treatment; Sects. 2.3.2 and 2.4.2) 
and to the patient’s risk (Zakhireh et  al. 2010). 
However, and unlike mastectomy without recon-
struction, an annual mammogram has been rec-
ommended due to the presence of calcifications, 
fat necrosis, and possible recurrences in the deep 
portion of the flap. Ultrasound is less sensitive 
due to less contrast between the fat of the flap and 
possible recurrences (both with hypoechoic 
appearance). MRI is the most sensitive and spe-
cific test with a high negative predictive value 
(NPV) in these types of reconstruction. It is very 
useful showing the fat inside the lesion when it is 
fat necrosis and also showing other types of com-
plications and differentiating recurrence from 
scarring (Brett et al. 2018) (Fig. 41).

a c

b

Fig. 41 Patient with a personal history of right mastec-
tomy with DIEP. (a) US shows an irregular and new nod-
ule in the breast tail. (b) MRI dynamic shows an ill-defined 
nodule, with enhancement after IVC administration, in the 

transition area between the flap and the subcutaneous fat 
of the native breast. In axial plane, it seems to be a small 
nodule but in sagittal reconstruction it has 2 cm (c)
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4.2  Lipofilling, Lipomodeling, or 
Free-Fat Injection

Since the beginning of the use of IBR and ABR, 
other techniques like free injection of different 
substances have been developed. One of these 
substances is the fatty tissue of the patient. The 
fat derives from the liposuction of other parts of 
the body, and it is injected inside the breast, either 
in the surface, in the middle, or in the deep part of 
it (Ogawa et al. 2008). It is a very versatile tech-
nique as a complement of conservative surgery 
without reconstruction, of IBR and ABR, and 
also of surgery with aesthetic purpose only. It has 
shown to be secure for the patient, not increasing 
the risk of cancer.

4.2.1  Radiological Tests
As the substance injected is free fat, it is sup-
posed that no radiological findings are observed. 
Then, no specific test should be used to study 
these patients because free fat would have the 
same appearance than breast fat, making the 
breast fattier. Then, the sensibility of 
 mammography would be higher due to higher 
contrast between calcifications and lesions and 
fat of the breast (Wang et al. 2011). However, it 
has been shown that free fat can evolve to fat 
necrosis, and in those cases, MRI has shown the 
highest specificity and NPV.

4.2.2  Radiological Findings
This technique can show a wide spectrum of 
radiological findings, ranging from benign to 

suspicious findings. It is important to be familiar 
with these findings (Carvajal and Patino 2008; 
Pulagam et al. 2006).

 1. BI-RADS® 1: Identical to normal breast. 
The injected fat is mixed with the fat of the 
breast with no specific radiological find-
ings. If the patient does not refer the lipo-
filling and the previous history is unknown 
for the radiologist, those findings are not 
identified.

 2. BI-RADS® 2: Benign findings. It is the most 
common finding when there are radiologi-
cal abnormalities. The oil cyst is the most 
common manifestation in this group, with 
radiolucent aspect on mammogram, simu-
lating a simple cyst appearance on ultra-
sound but showing a fatty appearance on 
T1W and fat- suppressed images on MRI 
(Fig. 42).

 3. BI-RADS® 3: Probably benign findings. New 
onset of round or oval, circumscribed, and 
well defined solid lesions, without enhance-
ment or with type 1 enhancement curve.

 4. BI-RADS® 4: Suspicious findings. Fat 
necrosis in the inflammatory phase is the 
most common cause. Solid lesions which do 
not meet all the benign criteria on mammo-
gram or ultrasound or with type 2 or 3 
enhancement curves on MRI may be seen. 
On mammogram, suspicious calcifications 
may also be seen (Upadhyaya et  al. 2018; 
De Decker et al. 2016; Mineda et al. 2014) 
(Fig. 43).

a b

Fig. 42 Patient with a personal history of right mastec-
tomy and lipofilling and nodules corresponding to oil 
cysts. (a) T1-WI shows a well-defined, fatty nodule due to 

lipofilling (red arrow). (b) Dynamic sequences do not 
show enhancement

Post-therapy Evaluation (Including Breast Implants)



414

a

b

Fig. 43 Patient with a personal history of lipofilling in 
the outer quadrant of right breast. (a) Mammogram with 
CC view shows an ill-defined mass that apparently pres-
ents fat inside. However, multiple and pleomorphic micro-
calcifications were new (red arrows). (b) Dynamic 
sequence at MRI shows an irregular mass with heteroge-
neous enhancement. Stereotactic guided VABB was per-
formed with fat necrosis result. Courtesy of Dr. Jaime 
Marcano

4.2.3  Recurrence and Follow-Up
The rate of recurrence is the same as in patients 
without lipofilling (Kaoutzanis et al. 2016; Groen 
et  al. 2016; Brett et  al. 2018; Kanchwala et  al. 
2009; Krastev et al. 2018). However, the differen-

tial diagnosis of recurrence when there is a fat 
necrosis is required. Additionally, fat necrosis 
usually appears after the procedure as a new- 
onset palpable and stiff mass; then, conventional 
test may not be enough to make the diagnosis 
(Pinell-White et al. 2015). In this case, an MRI 
should be performed, and if it shows fat inside 
the lesion, the biopsy is not needed. If MRI also 
reveals a suspicious finding, biopsy will be 
required. Screening should be adapted to the type 
of surgery and reconstruction complementary to 
the lipofilling when it is present (see recurrence 
and follow-up of mastectomy, conservative treat-
ment, IBR, and ABR) (Sects. 2.3.2, 2.4.2, 3.1.5, 
and 4.1.5), and also to the patient’s risk 
(Kaoutzanis et al. 2016). However, mammogra-
phy is recommended in case of autologous recon-
struction with lipofilling to rule out calcifications 
and MRI in almost all cases since it can show the 
fat necrosis and other possible complications in 
implants or flaps.
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Abstract

Breast density, or the amount of fibroglandular 
tissue in the breast, is a recognized and inde-
pendent marker for breast cancer risk. In addi-
tion, breast density reduces the sensitivity of 
mammography due to a masking effect. Public 
awareness of the importance of breast density 
has resulted in legislation for reporting breast 
density for risk stratification purposes. To date, 
breast density assessment is performed with 
mammography and to some extent with mag-
netic resonance imaging. Data indicate that 
computerized, quantitative techniques in com-
parison with subjective, visual estimations are 
characterized by higher reproducibility and 
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robustness. Standardized breast density assess-
ment using automated volumetric quantitative 
methods has the potential to be useful for risk 
prediction, stratification, and determining the 
best screening plan for each woman. This 
chapter provides a comprehensive overview of 
the currently available imaging modalities for 
qualitative and quantitative breast density 
assessment and the current evidence on breast 
density and breast cancer risk assessment.

1  Introduction

Breast density is defined as the amount of fibro-
glandular breast components relative to fatty 
components within the breast. Fibroglandular 
breast components are composed of a mixture of 
connective, stromal, and parenchymal tissue 
(Boyd et al. 1992; Ghosh et al. 2008) and appear 
radiopaque on mammography; on the other hand, 
fatty components appear radiolucent. Large vari-
ations of breast tissue composition exist between 
women; breast composition also changes over the 
course of time and during the menstrual cycle, as 
influenced by endogenous and exogenous factors 
(Table 1) (Boyd et  al. 2006; Byrne et  al. 2017; 
Sterns and Zee 2000; van Duijnhoven et  al. 
2007). According to the American College of 
Radiology (ACR), 50% of women in the USA 

have high breast density, with 40% being catego-
rized as having heterogeneously dense breasts 
(ACR category c) and 10% as having extremely 
dense breasts (ACR category d) (D’Orsi et  al. 
2013).

Based on a large twin study, Nguyen et  al. 
reported that breast density is significantly influ-
enced by the number of childbirths and by body 
mass index (BMI). Increased childbirths were 
found to be associated with a decrease of mam-
mographic breast density as well as a correspond-
ing breast cancer risk reduction of up to 4% per 
live birth (Nguyen et al. 2013). In studies on post-
menopausal women, women with the greatest 
increase in weight and BMI experienced the 
greatest reduction in breast density (Wanders 
et al. 2015); however, higher BMI is also associ-
ated with higher breast cancer risk in this popula-
tion (Keum et al. 2015; Huo et al. 2014). Using 
data from a longitudinal cohort, Hopper and col-
leagues reported a negative association between 
adolescent BMI at the age of 7–15  years and 
breast density at the age of 47–50 years, conclud-
ing that adolescent BMI is negatively associated 
with breast cancer risk (Hopper et  al. 2016), in 
line with other publications in the literature 
(Harris et al. 2011; Andersen et al. 2014). Several 
studies have reported that lower BMI or a moder-
ate reduction of body weight during adulthood, 
before or after menopause, has resulted in the 
reduction of postmenopausal breast cancer risk 
of up to 50% (Eliassen et al. 2006; Harvie et al. 
2005). A recent study reported that breast density 
is associated with parity and BMI regardless of 
age (Krishnan et al. 2017).

2  Breast Density and the Risk 
for Breast Cancer

2.1  Masking Effect

Breast composition impacts the risk for breast 
cancer in different ways. Mammographic sensi-
tivity for detecting breast cancer decreases as 
breast density increases (Kerlikowske et al. 2007; 
Boyd et  al. 2007; McCormack and dos Santos 
2006). Breast density is known for producing tis-

Table 1 Summary of endogenous and exogenous factors 
influencing breast tissue composition to increased breast 
density (does not claim completeness)

Endogenous factors Exogenous factors
Older age/
postmenopause

Smoking

High parity/nulliparity Alcohol
High body mass index HRT
Circulating estrogens/
IGF-1

Oral contraceptive

African-American Obesity
Early age at menarche 
(≤12a)

Sedentary time

Age threshold at first 
live birth

Physical inactivity

CYP1A2 status Tamoxifen/Vit C, D/folate/
NSAID

G. J. Wengert et al.
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sue overlap that leads to a masking effect. Two- 
dimensional imaging modalities including 
mammography are particularly susceptible to the 
masking effect. While the masking effect is a 
source of false-negative readings and correspond-
ingly a low efficiency of screening examinations 
(Bailey et  al. 2010), an increased density also 
leads to increased false positives and recall rates 
(Ballard-Barbash et al. 1997; Carney et al. 2003). 
High breast density leads to overlapping normal 
breast tissue, resulting in coalescent areas of 
breast parenchyma and obliteration of tissues 
with underlying tumors on imaging (D’Orsi et al. 
2013; Rhodes et  al. 2015). As a result, women 
with higher breast density are more often diag-
nosed with larger breast tumors and advanced 
stages with lymphatic involvement at initial diag-
nosis (Ghosh et  al. 2008; Aiello et  al. 2005; 
Roubidoux et  al. 2004). Interval cancers also 
increase 6- to 17-fold in women with higher den-
sity breasts (Boyd et al. 2007; McCormack and 
dos Santos 2006).

Most of the evidence on the reduced sensitiv-
ity of mammography in dense breasts is from 
studies employing screen-film mammography 
(SFM) (D’Orsi et  al. 2013; Price et  al. 2013). 
With the introduction of full-field digital mam-
mography (FFDM), the masking effect of dense 
breasts on cancer detection has been greatly 
reduced (Carney et al. 2003; Pisano et al. 2005). 
Kerlikowske et al. (2011) also showed that FFDM 
improves the detection of hormone receptor- 
negative breast cancers compared with SFM 
(FFDM 78.5% vs. SFM 65.8%, sensitivity 
p = 0.016, in women aged 40–79 years; 95.2% 
vs. 54.9%, sensitivity, p = 0.007, in women aged 
40–49  years). As hormone receptor-negative 
breast cancers usually present with a higher 
grade, carry a poorer prognosis, and often mani-
fest as interval cancers, they presumably consti-
tute some proportion of the cancers masked at 
SFM screening in women with higher density 
categories. Recently, digital breast tomosynthesis 
(DBT), a three-dimensional imaging modality, 
has also been introduced. Several large-scale 
studies worldwide have investigated DBT in the 
screening setting, demonstrating an increase in 
cancer detection as well as a significant reduction 

in recall rates compared with FFDM, which is 
most likely attributable to a decreased masking 
effect (Destounis et  al. 2015; Friedewald et  al. 
2014; McDonald et al. 2016). However, the value 
of DBT for breast cancer detection as related to 
breast density has not been fully elucidated. 
Ciatto et al. evaluated DBT in combination with 
FFDM in the STORM-1 trial, showing an 
improved cancer detection rate from 5.3 cancers 
to 8.1 cancers per 1000 screening examinations 
and a reduction of recalls by 17.2% (Ciatto et al. 
2013). Bernardi et  al. demonstrated similar 
results in the STORM-2 trial, showing cancer 
detection rates of up to 8.5 cancers per 1000 
screening examinations when FFDM is com-
bined with DBT, and up to 8.8 cancers per 1000 
screening examinations when a synthesized two- 
dimensional mammographic image is recon-
structed and combined with DBT.  However, 
false-positive readings also increased when using 
DBT: 3.97% FFDM plus DBT and 4.45% syn-
thetic FFDM plus DBT, respectively, compared 
with 3.42% for FFDM only (Bernardi et  al. 
2016).

2.2  Independent Risk Factor

Although the masking effect as related to breast 
density is an important issue to be considered, it 
must be noted that the association between breast 
density and risk for breast cancer is not merely a 
masking bias and cannot be explained by the 
reduced sensitivity of mammography alone. 
Conclusive data have shown that increased breast 
density is a strong and independent imaging bio-
marker for increased risk of breast cancer 
(McCormack and dos Santos 2006; Checka et al. 
2012; Vachon et  al. 2007; Boyd et  al. 2010). 
Epithelial and glandular structures in the breast 
are the site of origin for most breast cancers; con-
sequently, higher dense breast parenchyma is 
associated with an increased chance of future 
breast cancer development (Freer 2015). In a 
meta-analysis by McCormack et al. that investi-
gated breast density as an independent risk factor 
for breast cancer, the relative risk associated with 
dense breasts was 2.92 for breasts that were 
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50–74% dense and 4.64 for breasts that were 
75% or more dense (McCormack and dos Santos 
2006). Boyd et al. summarized studies evaluating 
breast cancer risk with respect to quantitatively 
measured tissue density, and the odds ratio of the 
risk for breast cancer was found to range from 3.6 
to 6.0 (Boyd et al. 2011).

Studies investigating breast density under 
screening conditions arrived at a similar conclu-
sion regarding breast density as a strong predictor 
of breast cancer risk. Data from the TOMMY 
trial indicates that absolute measurements of 
fibroglandular tissue volume were significantly 
associated with increased breast cancer risk in 
higher density groups (Gilbert et al. 2015). After 
adjusting for age, a 2–3% increase of the odds of 
breast cancer was found per increase of 10 cm3 
dense tissue depending on the automated breast 
density measurement system. The relative risk 
for breast cancer can differ based on whether a 
quantitative or qualitative approach is used to 
determine breast density. However, in either 
approach, higher breast density is associated with 
an increased relative risk. In their review, 
Destounis et al. reported that the relative risk for 
breast cancer was higher when using semiquanti-
tative percentage calculation methods (up to 
4.64) than when using subjective qualitative 
assessments (up to 3.98) to determine mammo-
graphic breast density (Destounis et  al. 2017). 
This is concordant with other studies comparing 
qualitative and quantitative methods of density 
measurement that demonstrated an increased risk 
when using quantitative approaches (Jeffers et al. 
2017; Keller et al. 2015). It must be pointed out 
that most studies that have investigated the asso-
ciation between breast density and breast cancer 
risk did not use ACR Breast Imaging Reporting 
and Data System (BI-RADS) categories but 
instead used quantitative measures or a different 
classification such as the Wolfe classification. 
The use of the BI-RADS categories results in a 
similar but milder association of risk with breast 
density (Freer 2015).

Many studies focusing on the association 
between mammographic breast density and rela-
tive risk of breast cancer have also compared 
women with almost entirely fatty breasts and 

women with extremely dense breasts, finding that 
the relative risk for breast cancer is 4–6 in women 
with extremely dense breasts compared with 
women with almost entirely fatty breasts (Sickles 
2010). However, as only approximately 10% of 
women have almost entirely fatty breasts and 
another 10% have extremely dense breasts, the 
results are potentially misleading (D’Orsi et  al. 
2013). Compared with the average women, the 
relative risk for breast cancer is approximately 
1.2 in women with heterogeneously dense breasts 
and 2.1 in women with extremely dense breasts.

Although the relative risk of breast density as 
a risk factor is much smaller than age, family his-
tory, reproductive history, and genetic mutations, 
it is not negligible as mammographically dense 
breasts are relatively common (approximately 
50% of the screening population). Therefore, 
breast density contributes significantly more to 
cancer risk in the population than other much 
stronger but less common risk factors, such as a 
BRCA 1 or 2 mutation carrier or high-risk status 
(McCormack and dos Santos 2006; Freer 2015; 
Boyd et  al. 2011). The consistent association 
between increased breast density and cancer risk 
emphasizes its potential for risk prediction and 
risk stratification; thus, it might become a valu-
able tool in determining the best individualized 
screening plan for each woman.

In the past decade, breast density notification 
laws have been passed with the intent of inform-
ing women about their own breast density and 
possible benefits from supplemental screening 
methods such as breast ultrasound (Hooley 
2017). Currently, there are 38 states of the USA 
with a legal obligation to provide a patient and 
her primary care physician with her breast den-
sity status and the risk posed by breast density. In 
addition, breast density notification legislation 
laws are in progress in other states and will be 
issued shortly. Breast density legislation provides 
a unique opportunity to strengthen patient- 
provider relationships by encouraging physicians 
to engage women in a conversation about the 
limitations, risks, and benefits of screening, as 
well as to provide women with greater autonomy; 
however, ineffective transfer of information may 
cause anxiety and patient confusion, which 
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emphasizes the need for innovative information 
tools creating a better understanding for risk and 
health-care management (Miles et  al. 2019; 
Slanetz et al. 2015; Are You Dense? 2018).

3  Assessment Methods

3.1  Mammography

3.1.1  Subjective Qualitative 
Assessment

The assessment of breast density is usually per-
formed based on the appearance of the amount of 
fibroglandular tissue relative to fatty tissue on 
mammography. To date, there are no recommen-
dations or criteria for standardized assessment of 
breast density (Winkler et al. 2015; Colin et al. 
2014). Methods range from the initial classifica-
tion systems of Wolfe (1976) and Tabár (He et al. 
2015) to the recent BI-RADS classification of the 
ACR, which is currently the most commonly 
used classification system. The differences of 
these classification systems are summarized in 
Table 2 (D’Orsi et al. 2013). The BI-RADS lexi-
con classification of breast density is mainly per-
formed based on the subjective visual estimation. 
According to the current revised fifth edition of 

the BI-RADS atlas, published in 2013, breast 
density can be classified into ACR-MG-a, 
wherein the breasts are almost entirely fatty; 
ACR-MG-b, in which there are scattered areas of 
fibroglandular density; ACR-MG-c, wherein the 
breasts are heterogeneously dense, which may 
obscure small masses; and ACR-MG-d, in which 
the breasts are extremely dense, which lowers the 
sensitivity of mammography (D’Orsi et al. 2013). 
Women classified as either ACR-MG-a or -b are 
considered as having non-dense breasts, whereas 
women classified as either ACR-MG-c or -d are 
considered as having dense breasts. The revised 
fifth edition replaced a percentage categorization 
of total breast density with descriptive categories 
and identification of coalescent areas on the 
mammogram, acknowledging the possible mask-
ing of underlying breast masses, Fig. 1, and the 
potential benefit of supplemental screening (van 
der Waal et al. 2017).

Several studies have shown that subjective 
visual estimation of mammographic breast den-
sity is prone to error, with great inter- and intra- 
observer variability (Ciatto et al. 2012; Lee et al. 
2015; Morrish et al. 2015; Wengert et al. 2016a). 
While training and experience can improve 
reader variability (Wengert et  al. 2016a; Gao 
et al. 2008; Raza et al. 2016), subjective qualita-

Table 2 Summary of different available classification systems to describe parenchymal patterns of mammographic 
density in breast imaging, with the recommended current gold standard and ubiquitously used BI-RADS classification 
system from the American College of Radiology

Wolfe Tabár BI-RADS
N1 (Normal) The breast consists 

mainly of fat
I Balanced distribution 

with slightly fibrous 
predominance

ACR- 
a

Almost entirely fatty breast

P1 Fatty breast with no 
more than 25% of 
linear densities

II Predominance of fatty 
tissue

ACR- 
b

Scattered areas of 
fibroglandular tissue

P2 Linear densities more 
than 25% of the breast

III Predominance of fatty 
tissue with retroareolar 
fibrous

ACR- 
c

Heterogeneously dense, small 
masses may obscure

Dy 
(dysplasia)

Dense, radiopaque 
breast

IV Predominantly nodular 
densities

ACR- 
d

Extremely dense breast, 
lowering the sensitivity of 
mammography

Qdy 
(quasi- 
dysplasia)

Dense breast with 
spongy texture due to 
fatty infiltration

V Dense breast, 
predominantly fibrous 
tissue

Low risk (N1 and P1)
High risk (P2 and Dy)

Low risk (I, II, and III)
High risk (IV and V)

Low risk (ACR-a und -b)
High risk (ACR-c and -d)
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ACR MG-a ACR MG-b ACR MG-c ACR MG-d

Fig. 1 Example images of the four breast density/compo-
sition categories defined by the fifth edition of the 
BI-RADS mammography atlas with descriptive catego-
ries indicating coalescent breast tissue with possible 
masking of underlying masses. ACR MG-a, the breasts 

are almost entirely fatty; ACR MG-b, there are scattered 
areas of fibroglandular density; ACR MG-c, the breasts 
are heterogeneously dense, which may obscure small 
masses; and ACR MG-d, the breasts are extremely dense, 
which lowers the sensitivity of mammography

tive breast density assessment is not equipped to 
provide a reliable and reproducible objective 
assessment of breast density as a risk factor.

3.1.2  Objective Automated 
Quantitative Assessment

To overcome the limitations of subjective visual 
assessments, attempts have been made to develop 
automated quantitative technologies for breast 
density measurement. There are computer-aided 
semiautomated and fully automated measure-
ment approaches available that allow either a 
two- or three-dimensional assessment of breast 
tissue structures. Cumulus™, the so-called gold 
standard of breast density assessment on mam-

mography that has been validated by epidemio-
logical studies, allows the estimation of the 
percentage area of dense breast tissue from mam-
mographic images (Byng et al. 1994), yielding a 
higher reproducibility compared with BI-RADS 
visual assessment (Boyd et al. 2011). The limita-
tion of Cumulus™ is that breast density measure-
ments are derived from two-dimensional images 
and thus requires some user interaction, which 
renders it prone to bias. Recently, other three- 
dimensional mammography-based breast density 
measurement techniques have become available. 
Highnam (Highnam et al. 2007) and van Engeland 
(van Engeland et al. 2006) introduced fully auto-
mated approaches, Quantra (Morrish et al. 2015; 
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Brandt et al. 2015; Wang et al. 2013) and Volpara 
(Lee et al. 2015; Morrish et al. 2015; Brandt et al. 
2015; Wang et  al. 2013), which allow 
mammography- based, volumetric, quantitative 
breast density measurements. Recently, yet 
another fully automated volumetric breast den-
sity measurement system “insight breast density,” 
which is integrated into the new MAMMOMAT 
Revelation (Siemens Healthineers, Erlangen, 
Germany) unit for three-dimensional mammog-
raphy, has become available (Fig. 2).

Although the above approaches are fully auto-
mated, breast density calculation based on mam-
mography may vary due to differences in tissue 
compression and breast positioning (Kopans 
2008). All these approaches have in common a 
positive association between breast density and 
breast cancer risk. However, a paper from 
Gastounioti et al. (2016) discussed how the dif-
ferences in quantitative breast density measure-
ments are influenced by processed or raw 

mammographic images, as well as specific fea-
tures of image acquisition, physical properties, 
and vendors.

3.2  Ultrasound

Ultrasound (US) of the breast is a ubiquitous, 
cost-effective, and reliable imaging modality, 
which is easily performed without the need for 
intravenous contrast application or ionizing radia-
tion. To date, breast US cannot be reliably used 
for either a qualitative or quantitative breast den-
sity assessment. However, the latest version of the 
US BI-RADS atlas recommends an assessment of 
breast tissue composition with US using three 
descriptive categories: ACR-US-a, homogeneous 
background echotexture—fat; ACR- US- b, homo-
geneous background echotexture—fibroglandu-
lar; and ACR-US-c, heterogeneous background 
echotexture, Fig. 3 (D’Orsi et al. 2013). To over-

Fig. 2 Examples of increasing mammographic breast 
densities from left to right. Left craniocaudal (L-CC) and 
left mediolateral-oblique (L-MLO) were acquired with a 
Siemens MAMMOMAT Revelation (Siemens Healthcare 
GmbH, Erlangen, Germany). Density was assessed using 
the integrated insight breast density application, which 

calculates the total breast volume (Vol total, cm3) and the 
breast density volume (Vol BD, cm3 and %). Fully auto-
mated volumetric breast density measurements are dis-
played quantitatively and as the corresponding ACR 
BI-RADS category, A to D

Impact and Assessment of Breast Density



426

Fig. 3 Example images of the three breast density/tissue 
composition categories defined by the fifth edition of the 
BI-RADS ultrasound atlas for screening-only purposes. 
ACR US-a, homogeneous background echotexture—fat; 
ACR US-b, homogeneous background echotexture—
fibroglandular; and ACR US-c, heterogenous background 
echotexture

come the drawback of handheld US, automated 
3D whole-breast US (ABUS) has been intro-
duced (Chae et al. 2013) and attempts have also 
been made to assess breast density with 3D 
ABUS using semiautomated techniques (Chen 
et  al. 2016; Moon et  al. 2011). Initial results 
suggest that ABUS might provide 3D volumet-
ric imaging and accurate breast density mea-
surement (Chen et al. 2016; Moon et al. 2011). 
US of the breast may be a valuable supplemen-
tal imaging modality to mammography in 
asymptomatic women with dense breast tissue 
to enable the detection of additional breast can-
cers invisible on mammography (Houssami and 
Ciatto 2011).

3.3  Magnetic Resonance Imaging

To address the problems of 2D mammography- 
based breast density assessment, promising 
approaches of volumetric, quantitative assess-
ment of the amount of fibroglandular tissue on 
magnetic resonance imaging (MRI) have been 
developed and investigated.

In contrast to mammography, MRI allows 
radiation- and compression-free 3D imaging, 
which allows a standardized assessment of breast 
areas near the chest wall and axilla. MRI pro-
vides images related to the fat and water compo-
sition of the breast. Since the water composition 
is highly correlated with the prevalence of fibro-
glandular tissue, these images can be used for 
slice-by-slice segmentation of fibroglandular and 
fatty components and thereby allow quantitative 
breast density assessment (O’Flynn et al. 2015).

Many of the currently available approaches 
rely on the use of T1-weighted sequences, which 
provide grayscale images and therefore not 
enough tissue contrast to allow an objective 
assessment of breast parenchyma. In addition, 
most of these approaches require user interac-
tion for breast area segmentation or threshold 
adjustments (van Engeland et  al. 2006; Klifa 
et  al. 2004, 2010; Lee et  al. 1997; Thompson 
et  al. 2009; Nie et  al. 2008, 2010). Allowing 
accurate segmentation is one of the most impor-
tant steps to precisely define breast and tissue 
borders. The boundaries for the segmentation 
are usually the anterior border of the major pec-
toral muscle and the anterior chest wall. The 
inferior border of the manubrium sterni and the 
submammary fold is the cranial and caudal 
boundaries. In addition, preferentially the vari-
able subcutaneous fatty tissue of the cleavage 
should also be excluded from the segmentation. 
To overcome these, atlas- (Gubern-Merida et al. 
2015; Wu et  al. 2013) or template-aided 
(Wengert et al. 2015) semiautomated approaches 
with predefined breast models and automated 
adaption in real time have been investigated for 
an individual breast segmentation with high 
accuracy and robustness.

Meanwhile, there are already fully automated, 
volumetric measurement approaches for MRI- 
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based measurements of the amount of fibroglan-
dular breast tissue. Gubern-Mérida et al. (2014) 
used an expectation-maximization algorithm 
based on fuzzy C-means clustering, and Wu et al. 
(2013) developed a fully automated segmentation 
approach based on two-dimensional C-means 
clustering. Wengert et al. introduced an iterative 
segmentation for the separation of the bivariate 
signal intensity values on Dixon sequences, 
Fig. 4 (Wengert et  al. 2015). The use of Dixon 
sequences for MRI-based measurements of the 
amount of fibroglandular tissue has been sug-
gested previously (Graham et al. 1995) and tested 
with promising results (Wengert et  al. 2015; 
Tagliafico et  al. 2013, 2014), Fig.  5. Dixon 

sequences allow for improved reproducibility 
and accuracy of breast density measurements 
compared with conventional sequences (Wengert 
et  al. 2016b, 2017). The integration of Dixon 
sequences into standard clinical dynamic 
contrast- enhanced MRI protocols, as well as for 
fibroglandular tissue quantification, is easily exe-
cuted (Wengert et  al. 2016b; Kuhl et  al. 2014). 
Therefore, objective fibroglandular tissue seg-
mentation derived from high-resolution Dixon 
sequences as the MRI-based reference standard 
for the assessment of the amount of FGT is a 
practical recommendation (Wengert et al. 2016b; 
Kuhl et al. 2014; Clauser et al. 2014; Mann et al. 
2014).
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Fig. 4 Diagram of the process of fibroglandular tissue 
segmentation. For each individual breast and water/fat- 
based sequence, the program automatically segments an 
individual breast model, representing the identical 3D 
breast volume, with exclusion of the skin and the pectora-
lis muscle. (A) The signal intensity (SI) values of fat- and 
water-weighted pixel intensities were recorded and col-
lected into a 2D histogram (top image). On the bottom, 
there is the 3D illustration of the histogram. (B) Thresholds 
for the corresponding fat and water SI values were auto-
matically calculated by dividing the histogram into two 
regions half the distance between the two cluster peaks of 

the bimodal distribution of measured SI values. (C) 
Graphical illustration of the assignment for each voxel to 
be either fat tissue (red) or dense tissue (blue) into the 3D 
breast model. (Reprinted with permission from: Wengert 
GJ, Helbich TH, Vogl WD, et al. Introduction of an auto-
mated user independent quantitative volumetric magnetic 
resonance imaging breast density measurement system 
using the Dixon sequence: comparison with mammo-
graphic breast density assessment. Investigative 
Radiology. 2015;50(2):73–80. https://doi.org/10.1097/
RLI.0000000000000102)
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a b

Fig. 5 Examples of MRI-based breast density calcula-
tion; (a) fully automated measurements of fibroglandular 
(%gt) breast tissue based on the fat and water high- 
resolution Dixon images of a moderate (top row) and 
extremely dense breast (bottom row); with the corre-
sponding threshold segmentation (template) and scatter-
plots, breast compartments are represented by the total 
segmented volume (cm3 volume), percentage of fibroglan-
dular tissue (%gt), and percentage of fat tissue (%fat) 
(published in Wengert et  al. 2015); (b) extract of the 

graphical computer interface illustrating the selection and 
thresholding process of the semiautomated assessment of 
fibroglandular breast tissue, with the output of the per-
centage of breast density (black circle). (Reprinted under 
a Creative Commons Attribution 4.0 International (CC 
BY 4.0) from Tagliafico A, Bignotti B, Tagliafigo G, et al. 
“Breast density assessment using a 3T MRI system: com-
parison among different sequences.” PLoS One. 
2014;9(6):e99027. https://doi.org/10.1371/journal.
pone.0099027)

A drawback of fully automated, volumetric 
MRI-based measurements is that the output of 
percentage values of breast density is not 
included in the current fifth edition of the ACR 
BI-RADS lexicon. The MRI BI-RADS lexicon 
currently contains the recommendation to assess 
the amount of fibroglandular tissue with MRI 
similar to mammography on a four-grade scale, 
Fig.  6: ACR-MRI-a, almost entirely fat; ACR-
MRI-b, scattered fibroglandular tissue; ACR-
MRI-c, heterogeneous fibroglandular tissue; 
and ACR- MRI- d, extreme fibroglandular tissue 
(D’Orsi et al. 2013). Recent studies have shown 
that subjective visual estimation of breast den-
sity on mammography and the amount of FGT 
on MRI are both prone to error with great inter- 
and intra- observer variability (Wengert et  al. 
2016a; Gao et al. 2008; Raza et al. 2016). While 
subjective visual estimation can be improved by 
reader training, similar to mammography, this 
seems a suboptimal solution compared with the 
objective quantitative MRI-based assessment of 
breast density as a risk factor (Lee et al. 2015; 
Morrish et al. 2015; Wengert et al. 2016a; Wang 
et al. 2013; Ciatto et al. 2005).

4  New Avenues for Risk-
Adapted Screening

While population-based screening programs 
using mammography with the aim of detecting 
breast cancer at an early stage have reduced can-
cer mortality by up to 49% (Broeders et al. 2012; 
Nickson et al. 2012), to date, there are no recom-
mendations for risk-adapted screening.

Breast cancer risk estimation tools like the 
Gail and Tyrer-Cuzick models have been intro-
duced with the purpose of identifying women 
who are at risk of developing breast cancer (Gail 
et al. 1989; Smith et al. 2014; Tyrer et al. 2004). 
The Gail model from the National Cancer 
Institute based on the general population is an 
eight-question tool using age, hormonal factors, 
benign disease, and number of fist-degree rela-
tives who have already been diagnosed with 
breast cancer to estimate the relative risk of 
developing invasive breast cancer (Costantino 
et al. 1999). The Tyrer-Cuzick model uses similar 
risk factors from the Gail approach in conjunc-
tion with personal and genetic factors including 
the BRCA 1/2 genes for risk assessment of inva-
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ACR MRI-a ACR MRI-b

ACR MRI-c ACR MRI-d

Fig. 6 Example of T1-weighted high-resolution Dixon 
images of the four breast density/composition categories 
defined by the fifth edition of the BI-RADS MRI atlas 
with four categories similar to mammography. ACR MRI- 
a, almost entirely fat; ACR MRI-b, scattered fibroglandu-
lar tissue; ACR MRI-c, heterogeneous fibroglandular 
tissue, which may obscure small masses; and ACR MRI- 

d, extreme fibroglandular tissue. (Reprinted under a 
Creative Commons Attribution 4.0 International License 
from: Wengert GJ, Helbich, TH, Leithner D, et  al. 
Multimodality Imaging of Breast Parenchymal Density 
and Correlation with Risk Assessment. Curr Breast 
Cancer Rep. 2019;11:23–33. https://doi.org/10.1007/
s12609- 019- 0302- 6)

sive breast cancer (Tyrer et al. 2004). However, it 
has been demonstrated that mammographic den-
sity is a stronger risk factor than any of the risk 
factors used in the Gail and Tyrer-Cuzick models; 
the combination of breast density with either the 
Gail or the Tyrer-Cuzick model resulted in a bet-
ter breast cancer risk assessment (Brentnall et al. 
2015). The Gail model, which is based on demo-
graphic and clinical data for breast cancer risk 
stratification, can be assessed online: https://
www.mdcalc.com/gail- model- breast- cancer- risk. 
The Tyrer-Cuzick model providing a personal 
risk and risk of mutation carrier assessment can 
be found at http://ibis.ikonopedia.com/.

Moreover, the process of screening for breast 
cancer remains controversial with different rec-
ommendations between national breast cancer 
screening programs concerning the start points 
and the intervals for screening. A potential model 
for risk-adapted screening could include an ini-
tial risk stratification incorporating family and 

personal history, breast density assessed with 
mammography, and, potentially, lifestyle risk 
factors such as obesity (Mahoney et al. 2008) and 
alcohol (Zhang et al. 2007). Based on this model, 
women could be classified into different risk cat-
egories, e.g., low, intermediate, and high, and 
would undergo screening tailored to their indi-
vidual risk.

Other avenues that can be explored for a more 
refined breast cancer risk stratification include 
the use of radiomics analyses and machine- 
learning techniques, such as deep learning.

Based on such refined risk stratification, 
women could then be offered risk-adapted 
screening with different imaging modalities. 
Low-risk women could continue to be screened 
with FFDM or, when available, DBT with syn-
thesized mammography annually, biannually, or 
triennially based on national recommendations. 
Intermediate-risk women could undergo addi-
tional supplemental screening with US or 
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MRI. High-risk women, who constitute a minor-
ity, could be offered MRI and mammography 
only in whom benefit has been demonstrated 
(e.g., BRCA 2 mutation carrier) (Phi et al. 2016). 
In this context, the Dutch DENSE trial investi-
gates the effectiveness and cost-effectiveness of 
screening with mammography and MRI com-
pared with those of screening with mammogra-
phy alone in women with extremely dense breasts 
(Emaus et  al. 2015). Recently published results 
showed that supplemental MRI screening of 
women with extremely dense breasts resulted in 
significantly fewer interval cancers compared to 
mammography as the sole screening methodol-
ogy (2.5/1000 vs. 5.0/1000). The authors reported 
furthermore a cancer detection rate of 16.5/1000 
women screened with MRI for breast cancer with 
a false-positive rate of 8.0% (Bakker et al. 2019). 
In addition, about 60% of the total screening pop-
ulation accepted the invitation of supplemental 
MRI screening. The most frequently stated rea-
sons for not participating in this trial were MRI- 
related inconveniences, self-reported 
contraindications, and anxiety regarding the 
screening outcome (de Lange et al. 2018). Further 
results to better understand the role of MRI in 
this patient population are expected in the com-
ing years after two rounds of screening are 
completed.

5  Summary

Breast density has recently become one of the 
hottest topics in breast imaging: firstly as it is an 
independent risk factor for breast cancer and sec-
ondly because high breast density reduces mam-
mographic sensitivity due to a masking effect. 
Although the exact extent to which breast density 
is an independent risk factor remains controver-
sial, there is consensus that the increased breast 
cancer risk is not solely attributable to the mask-
ing effect. This emphasizes the potential of breast 
density for cancer risk prediction and stratifica-
tion, potentially becoming a valuable tool in 
determining the best screening plan for each 
woman and guiding supplemental screening 
methods. However, to be used in this context, 

breast density assessment must be reliable, repro-
ducible, and accurate. Breast density has been 
predominantly assessed with mammography 
using qualitatively subjective visual inspection 
and the ACR BI-RADS classification. Due to 
substantial intra/inter-reader variability, semi/
automated volumetric breast density measure-
ment approaches with both mammography and 
MRI have been developed with excellent results. 
Initial attempts for automated volumetric breast 
density measurements with ABUS are promising. 
It is expected that these advances in breast den-
sity assessment will further define its role in 
breast cancer risk assessment and help tailoring 
breast cancer screening strategies to an individual 
woman’s risk, values, and preferences while also 
accounting for cost, potential harms, and impor-
tant patient outcomes.
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Abstract

The development and implementation of arti-
ficial intelligence (AI) for breast imaging 
have been ongoing for several decades and 
have played an important role in clinical prac-

tice. With the emergence and maturity of deep 
learning (DL) algorithms, the application of 
AI technology in medical imaging has gradu-
ally moved to a higher level and broader 
range. It may break the performance bottle-
neck of traditional computer-aided detection/
diagnosis (CAD) systems. This chapter 
reviews the three domains of clinical use 
cases for AI techniques in breast imaging, 
including risk assessment for screening, 
breast cancer detection and classification for 
diagnosis, and therapy selection and outcome 
prediction for interventions. As for future 
directions, it is necessary to improve the 
AI-based system’s interpretability and perfor-
mance in a clinical application and maximize 
its clinical impact.
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1  Introduction

Breast cancer is one of the most common cancers 
in the world and is the cause of a large fraction of 
cancer-related mortality among women (Sun 
et al. 2017). Many studies have shown that widely 
used regular screening mammography can pre-
vent the spread of the disease, reduce breast can-
cer mortality substantially, improve the quality of 
life of breast cancer patients, and reduce treat-
ment costs (Boulehmi et  al. 2016; Tabar et  al. 
2019). Precise and efficient imaging screening 
can diagnose breast diseases early and can effec-
tively be used to tailor intervention. Recent 
advances in artificial intelligence (AI) have 
impacted many scientific fields including breast 
imaging (Geras et  al. 2019; Mann et  al. 2020). 
The rapid development in the field of AI for 
breast imaging has the potential to affect clinical 
screening, diagnosis, and prognosis of breast 
cancer (Meyer-Base et al. 2020), by enhancing, 
for example, risk prediction, detection, classifica-
tion, therapy selection, and outcome prediction. 
Implementation of AI into clinical breast imaging 
is currently still limited but may largely change 
current practice.

In clinical screening and diagnosis of breast 
cancer, challenges remain in the accurate detec-
tion and characterization of breast lesions. 
Interpretation of breast images varies with radi-
ologists’ experience (Elmore et al. 2009) and is 
subjective (Miglioretti et  al. 2007). False posi-
tives can lead to patient anxiety (Tosteson et al. 
2014), unnecessary follow-up, and invasive diag-
nostic procedures. Cancers missed at screening 
may not be identified until they are more advanced 
and less amenable to treatment (Houssami and 
Hunter 2017). However, AI may be uniquely 
poised to help with this challenge (McKinney 
et  al. 2020). Previous studies indicated that the 
use of machine learning (ML)-based computer- 
aided detection/diagnosis (CAD) systems for 
mammography significantly increased the radi-
ologist’s sensitivity with specificity at the same 
level (Brem et al. 2003; Nishikawa 2007), but did 
not eventually lead to better screening perfor-
mance (Fenton et al. 2007; Lehman et al. 2016). 
In recent years, with the emergence and maturity 

of deep learning (DL) algorithms, the application 
of AI technology in medical imaging has gradu-
ally moved to a higher level and has improved the 
stand-alone performance of DL-based AI appli-
cations for mammography.

On the other hand, in clinical practice, treat-
ment of breast cancer also faces many challenges. 
Just as for early detection, many breast cancer 
patients will miss optimal treatment opportuni-
ties due to inappropriate therapy selection or 
incomplete monitoring of the tumor response to 
treatment, leading to disease progression and 
higher mortality rates (Bejnordi et  al. 2017). 
However, AI technology adequately using fol-
low- up images allows to improve tracking radio-
graphic changes of tumors over time for smarter 
personalized prognosis and therapy selection and 
outcome prediction (Huynh et  al. 2017). 
Specifically, AI systems may predict the most 
beneficial specific treatments for breast cancer 
patients, avoiding unnecessary surgery and other 
treatments, thus improving patient care (El Adoui 
et al. 2020).

In this chapter, we review the developments of 
AI systems for breast imaging, discussing the 
various clinical use cases for AI techniques in 
breast imaging that have been developed. 
Moreover, an overview of the challenges and 
future directions of AI in breast imaging will be 
given.

2  A Brief Overview: 
From Conventional CAD 
to Deep Learning Based—A 
More Comprehensive Range 
of Applications

In breast radiology, the notion of utilizing com-
puter technologies to aid radiologists is not novel. 
Computer-aided detection/diagnosis (CAD) sys-
tem for breast imaging was first developed in the 
1960s (Winsberg et al. 1967). CAD systems use a 
combination of computer, mathematics, statis-
tics, image processing, and analysis methods to 
extract features from medical images, mark the 
location of suspicious lesions, and judge whether 
lesions are benign or malignant. Several investi-
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gators have attempted to detect breast abnormali-
ties automatically (Winsberg et al. 1967; Kimme 
et  al. 1977; Spiesberger 1979; Semmlow et  al. 
1980).

Systematic development of machine learning 
techniques for medical imaging began in the 
1980s (Chan et  al. 2020) with a more realistic 
goal to develop CAD systems as a second reader 
to assist radiologists in image interpretation 
rather than full automation. Several studies dem-
onstrated the potential of machine learning-based 
CAD in improving the detection of breast cancer 
in an early stage (Chan et al. 1987, 1990), specifi-
cally significantly enhancing radiologists’ per-
formance in detecting microcalcifications (Chan 
et al. 1987). The US Food and Drug Administration 
(FDA) approved the first commercial CAD sys-
tem to detect cancer for screening mammography 
in 1998 (R2 ImageChecker; Hologic, 
Marlborough, Massachusetts) (Roehrig et  al. 
1998). Since then, the use of AI for the evaluation 
of breast images has dramatically expanded 
(Huang et  al. 2018; Dorrius et  al. 2011; Thrall 
et  al. 2018). However, the performance of con-
ventional CAD systems is limited. Conventional 
techniques depend heavily on prior, low-level, 
handcrafted features to detect microcalcifications 
or classify masses as benign or malignant 
(Al-Antari et al. 2018). It is challenging to cap-
ture all the signs of breast cancer recognized by 
humans in handcrafted mathematical formula-
tions. Therefore, hardly any of the conventional 
algorithms ever approached the performance of 
breast radiologists or could automatically per-
form diagnosis tasks (Al-Antari et  al. 2018). 
Moreover, Fenton et al. (2007) indicated that the 
use of conventional CAD leads to higher false- 
positive rates, recall rates, and biopsy rates.

In recent years, with the enhancement of com-
puting power and the maturity of deep learning, it 
has become possible to break the performance 
bottleneck of traditional machine learning-based 
CAD systems. Deep learning is a type of machine 
learning method but enables end-to-end training 
and extraction of relevant features automatically 
from input data. This is achieved by transforming 
the input information into multiple layers of 
abstraction in a deep neural network architecture 

(LeCun et  al. 2015). This implies that deep 
learning- based CAD systems can even learn from 
features that are unseen or unknown by radiolo-
gists, making them independent from how a radi-
ologist reads images (Ou et  al. 2021). Several 
deep learning CAD systems for mammography 
have been presented and in general achieve better 
performance than conventional ones (Geras et al. 
2019; Chan et  al. 2020; Ou et  al. 2021; 
Sechopoulos et al. 2020; Le et al. 2019).

In recent years, there has been a steadily grow-
ing interest in the use of deep learning for other 
goals in breast imaging. The developments of 
deep learning in computer vision have made 
these techniques relatively straightforward to 
apply to various types of breast imaging. Deep 
learning-based CAD systems may, for example, 
automatically analyze imaging information com-
bined with other clinical data and can be devel-
oped to provide decision support for many 
applications in the patient care process. They are 
far more powerful than conventional CAD sys-
tems and have a wide range of potential clinical 
applications.

3  AI Systems in Various Clinical 
Applications

Applications of AI in three domains will be 
reviewed: risk assessment for screening, breast 
cancer detection and classification for diagnosis, 
and therapy selection and outcome prediction for 
interventions.

3.1  Breast Cancer Risk 
Assessment for Screening: 
Mainly in Mammography

The most important task of the breast cancer risk 
assessment (or prediction) so far is to stratify 
women into high-risk and low-risk populations 
for screening (Louro et al. 2019). With risk-based 
guidelines, we can offer more tailored screening 
examinations to women in different risk catego-
ries, achieving earlier detection while reducing 
unnecessary screening for the low-risk popula-

Artificial Intelligence in Breast Imaging



438

tion to reduce costs and anxiety caused by the 
overtreatment and false-positive assessments 
(Louro et al. 2019). Previous researches explored 
questionnaires exploring lifestyle, hormonal, and 
genetic information. Others focused on mammo-
graphic density assessment or combined these 
aspects (Brentnall et  al. 2015). Although many 
mathematically defined image features have 
shown risk associations (Dembrower et al. 2020), 
human-specified features may not be able to cap-
ture all risk-relevant information in the image (Li 
et al. 2017), since, in fact, we do not know spe-
cifically what we are looking for.

Image-based deep learning models have 
recently focused on mammography for risk pre-
diction. This could improve the accuracy of 
breast cancer prediction tools and improve their 
accuracy (Table 1) (Dembrower et al. 2020; Yala 
et  al. 2019a, 2021; Liu et  al. 2020; Ha et  al. 
2019a). A handful of recent breakthrough studies 
showed substantial improvements in long-term 
risk prediction using neural networks on large 
population-level cohorts, obtaining area under 
the curves (AUCs) up to 0.70 for assessing 5-year 
risk and advancing state of the art (Dembrower 
et al. 2020; Yala et al. 2019a). To further bring the 
image-based risk model to the clinic, Yala et al. 
(2021) developed MIRAI and validated its per-
formance at scale across diverse populations and 
clinical settings with significantly higher 5-year 
ROC AUCs than the Tyrer-Cuzick model and 
prior methods (Fig.  1). Still several studies 
showed that it is also possible to select a similar 
subset of patients using a likelihood of malig-
nancy threshold on the AI findings, which would 
contain a higher fraction of women with occult 
early breast cancer than a selection based on 
more classical risk prediction. These studies sug-
gested also to exclude images with a very low 
likelihood of malignancy according to the AI sys-
tem from human reading (referred to as preselec-
tion) to reduce the reading workload in 
mammography screening while not decreasing 
radiologists’ detection performance (Rodriguez- 
Ruiz et al. 2019a; Yala et al. 2019b). In addition, 
women with the highest risks could be offered 
supplemental screening strategies to detect more 
cancer early (Dembrower et al. 2020).

Except for pushing better performance across 
different races and large population-level cohorts 
in clinical practice, the decision of the risk pre-
diction model should also be explained in a form 
that humans can understand. However, only a few 
of these studies could visualize image cues that 
were used to obtain the risk score (Liu et al. 2020; 
Arefan et al. 2020), and none of these studies did 
find a biomarker in the medical images that could 
intuitively be used to predict the tumor area. 
Potentially, larger numbers of screening mammo-
grams, as well as better ways to visualize AI out-
puts, may in the future alleviate this problem. In 
the context of the gradual application of other 
screening methods, breast cancer risk prediction 
models based on other different image modali-
ties, such as ultrasound and MRI, are also needed. 
It is anticipated that such risk assessment models 
using other different image modalities, when 
trained on sufficiently large databases, will obtain 
at least a similar performance to that achieved 
with mammography.

3.2  Lesion Detection 
and Classification 
for Diagnosis

Lesion detection and classification on medical 
images have long been the only components of 
CAD systems in radiology. A large number of 
clinical studies, aimed at early lesion detection, 
have been conducted in different imaging modal-
ities, including mammography, breast ultrasound, 
and MRI (Tables 2, 3, and 4). Currently, these AI 
systems are achieving remarkable results in 
object classification and detection tasks due to 
the incorporation of modern deep learning algo-
rithms (Fathy and Ghoneim 2019), and for mam-
mography their performance is now even on par 
with that of breast radiologists (McKinney et al. 
2020). It is, therefore, widely believed that 
AI-based CAD systems will soon play a major 
role in screening to improve radiologists’ 
 efficiency and performance or act as an indepen-
dent second reader. Even stand-alone use of such 
AI systems—for a subset of mammograms—is 
now widely discussed.
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Table 1 AI in breast imaging for breast cancer risk prediction

Term Reference Image modality Dataset Outcome Key findings
Short 
term and 
long term

Liu et al. 
(2020)

Mammography Included 147,476 
screening 
mammograms in 
16,621 women

<1-year 
AUC = 0.72
>1-year 
AUC = 0.72
>2-year 
AUC = 0.62
>5-year 
AUC = 0.61

In particular, short-term risk 
(≤1 year) should rely on 
cancer sign models. 
Long-term risk models 
should be trained exclusively 
on images with no visible 
cancer signs or use other 
strategies to mitigate model 
conflation.

Yala et al. 
(2021)

Mammography Included 80,134 
patients from 
2009 to 2016 at 
MGH, 11,303 
patients from 
2008 to 2016 at 
Karolinska, and 
15,178 patients 
from 2010 to 2011 
at CGMH

1-year 
AUC = 0.84
2-year 
AUC = 0.80
3-year 
AUC = 0.78
4-year 
AUC = 0.76
5-year 
AUC = 0.76

Mirai demonstrated improved 
discriminatory capacity over 
the state-of- the-art clinically 
adopted Tyrer-Cuzick and 
prior deep learning 
approaches hybrid DL and 
image-only DL.

Long 
term

Yala et al. 
(2019a)

Mammography Included 134,924 
mammograms in 
60,886 women 
between 1/2009 
and 12/2012

AUC = 0.70 Deep learning models that 
use full-field mammograms 
yield substantially improved 
risk discrimination compared 
with the Tyrer-Cuzick 
(version 8) model.

Ha et al. 
(2019a)

Mammography Included 1474 
mammograms in 
737 women 
between 1/2011 
and 1/2017

Accuracy = 0.72 Novel pixel-wise 
mammographic breast 
evaluation using a CNN 
architecture can stratify 
breast cancer risk, 
independent of the BD.

Dembrower 
et al. (2020)

Mammography More than 
500,000 women, 1 
million images, 
and approximately 
10,000 breast 
cancer cases 
between 2008 and 
2015

AUC = 0.66 Compared with density- 
based models, a deep neural 
network can more accurately 
predict which women are at 
risk for future breast cancer, 
with a lower false-negative 
rate for more aggressive 
cancers.

At present, in the task of breast cancer detec-
tion and classification, most AI-based CAD sys-
tems still focus on mammography (Bi et  al. 
2019), as the large number of available screening 
mammograms permits the leverage of big datas-
ets. It is therefore easier to train the deep learning 
models (Geras et al. 2019). While initial studies 
aimed at the detection or classification of micro-
calcifications, masses, and lesions separately, 
modern AI programs integrate these approaches 
for early diagnosis of all types of lesions (Table 2) 
(McKinney et  al. 2020; Rodriguez-Ruiz et  al. 
2019a, b; Yala et al. 2019b; Fathy and Ghoneim 

2019; Samala et al. 2016, 2018; Wu et al. 2020; 
Conant et  al. 2019; Al-Masni et  al. 2018). 
Currently, these systems detect regular lesions 
that remain unobserved by human readers, even 
after double reading (Fig.  2) (McKinney et  al. 
2020; Rodriguez-Ruiz et  al. 2019b; Wu et  al. 
2020).

Since digital breast tomosynthesis (DBT) is 
now gaining solid ground in breast cancer screen-
ing and diagnostic settings (Mann et al. 2020), it 
is important to develop state-of-the-art AI appli-
cations for DBT too. Due to the similarity 
between mammography and DBT, mammo-
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Fig. 1 Receiver operating characteristic (ROC) curves 
for model predictions on MGH, Karolinska, and CGMH 
test sets. To further bring the image-based risk model to 
the clinic, Yala et al. (2021) developed Mirai and validated 
its performance at scale across diverse populations and 
clinical settings with significantly higher ROC AUCs than 
the Tyrer-Cuzick model and prior methods. Results are 
shown in the top, middle, and bottom rows, respectively. 

The curves are arranged left to right from 1- to 5-year out-
comes. TCv8 Tyrer-Cuzick version 8, DL deep learning, 
hybrid DL DL model that uses both imaging and the tradi-
tional risk factors in risk factor logistic regression. 
(Quoted from Yala A, et al. Toward robust mammography- 
based models for breast cancer risk. Science Translational 
Medicine, 2021)

graphic images can be used to improve the per-
formance of DBT-based systems by using transfer 
learning methods to make up for the currently 
still present lack of data (Samala et  al. 2016, 
2018). Therefore, DBT studies already report 
similar performance (Conant et al. 2019; Lee and 
Elmore 2019).

Ultrasound is often used for supplemental 
screening in dense breasts and for diagnostic 
workup of symptomatic or otherwise detected 
breast lesions. Unfortunately, ultrasound has 
been associated with high false-positive rates, as 
commonly only cysts are classified as certainly 
benign, which may lead to a large amount of 
unnecessary biopsy procedures. An increasing 
number of AI applications in breast ultrasound 
have been described. The majority of these are 
related to breast mass detection and classification 

(Table  3) (Yap et  al. 2017; Ciritsis et  al. 2019; 
Fujioka et  al. 2019; Cho et  al. 2018; van Zelst 
et al. 2018; Xu et al. 2018). In recent years, sev-
eral studies reported that AI achieves humanlike 
performance (Ciritsis et  al. 2019; Fujioka et  al. 
2019) and may support radiologists to improve 
specificity and reduce in false-positive assess-
ments (Barinov et al. 2019). This has even been 
used commercially (Fig. 3) (Cho et al. 2018; van 
Zelst et al. 2018; Xu et al. 2018). Especially for 
the use of US as supplemental screening modal-
ity, image acquisition is more dependent on the 
operator’s experience compared to mammogra-
phy and MRI, which accordingly limits the maxi-
mum potential of AI for ultrasound (Mann et al. 
2020). Automated breast ultrasound, which 
makes use of a wide transducer and a standard-
ized acquisition protocol, may improve this situ-
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Table 2 AI for breast cancer detection and classification in mammography

Image modality Reference Task Dataset Performance Key findings

Mammography McKinney 
et al. (2020)

Breast cancer 
classification

Included 25,856 
women from the 
UK and 3097 
women from the 
USA

AUC = 0.96 The AI system 
outperforms 
radiologists in breast 
cancer identification.

Fathy and 
Ghoneim 
(2019)

Breast mass 
detection and 
classification

Included 2620 
cases (695 
normal, 141 
benign without 
callback, 870 
benign, and 914 
malignant)

Classification: 
AUC = 0.96; 
sensitivity = 0.998; 
specificity = 0.821
Detection: 
sensitivity = 0.9367

The pre-trained 
CNN was able to 
automatically learn 
the most 
discriminative 
features in 
mammograms and 
achieve excellent 
results in breast 
cancer classification 
(normal or mass).

Rodríguez- 
Ruiz et al. 
(2019b)

Breast cancer 
detection

Included 240 
women (100 
cancers, 40 
false-positive 
recalls, 100 
normal)

AUC = 0.89 (with 
AI)
AUC = 0.87 
(without AI)

Radiologists 
improved their 
cancer detection at 
mammography 
when using an 
artificial intelligence 
system for support.

Wu et al. 
(2020)

Breast cancer 
classification

Included 
1,001,093 
images from 
141,473 patients

AUC = 0.895 Averaging the 
probability of 
malignancy 
predicted by 
radiologists and 
proposed deep 
learning modal is 
more accurate than 
either of the two 
separately.

Al-Masni 
et al. (2018)

Breast mass 
detection and 
classification

Included 600 
mammograms

Detection: 
Accuracy = 0.997
Classification: 
Accuracy = 0.97; 
AUC = 0.9645

The proposed 
system even works 
on some challenging 
breast cancer cases 
where the masses 
exist over the 
pectoral muscles or 
dense regions.

Rodriguez- 
Ruiz et al. 
(2019a)

Normal 
mammography 
classification

Included 2652 
exams (653 
cancer)

Reduce workload by 
47%

It is possible to 
automatically 
preselect exams 
using AI to 
significantly reduce 
the breast cancer 
screening reading 
workload.

Yala et al. 
(2019b)

Normal 
mammography 
classification

Included 
223,109 
mammograms 
from 66,661 
women

Sensitivity = 0.906; 
specificity = 0.935 
(without AI)
Sensitivity = 0.901; 
specificity = 0.942 
(with AI)

This deep learning 
model has the 
potential to reduce 
radiologist workload 
and significantly 
improve specificity 
without harming 
sensitivity.

(continued)
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Image modality Reference Task Dataset Performance Key findings

MammographyDBT Samala 
et al. (2018)

Mass 
classification

Included 4039 
unique ROIs 
(1797 malignant 
and 2242 
benign)

AUC = 0.85 
(single-stage transfer 
learning)
AUC = 0.91 
(multistage transfer 
learning)

When the training 
sample size from the 
target domain is 
limited, an 
additional stage of 
transfer-learning 
using data from a 
similar auxiliary 
domain is 
advantageous.

Samala 
et al. (2016)

Breast mass 
detection

Included 2282 
mammograms 
and 324 DBT 
volumes

AUC = 0.81 (before 
transfer learning)
AUC = 0.90 (after 
transfer learning)

Large datasets 
collected from 
mammography are 
useful for 
developing new 
CAD systems for 
DBT, alleviating the 
problem and effort 
of collecting entirely 
new large datasets 
for the new 
modality.

DBT Conant 
et al. (2019)

Suspicious 
soft-tissue and 
calcified lesion 
detection

Included 260 
DBT 
examinations 
(65 cancer 
cases)

AUC = 0.795 
(without AI)
AUC = 0.852 (with 
AI)

The concurrent use 
of an accurate DBT 
AI system was 
found to improve 
cancer detection 
efficacy with 
increases in AUC, 
sensitivity, and 
specificity and a 
reduction in recall 
rate and reading 
time.

Table 2 (continued)

ation and could create reproducible breast 
evaluations. AI programs for the automated 
assessment of automated breast ultrasound acqui-
sitions are under development, albeit they are 
currently not as advanced as other applications.

Breast MRI has the advantage of being a stan-
dardized technique, just like mammography. 
However, due to the fact that scanner types and 
acquisition protocols vary, the image characteris-
tics are not uniform; therefore, the datasets avail-
able for training are actually limited (Jackson 
et al. 2007). Breast MRI is commonly used as a 
(supplemental) screening technology for women 
at high risk, and several preliminary studies have 

been conducted on AI-based automatic detection 
(Dalmış et  al. 2018; Herent et  al. 2019; Zhou 
et al. 2020) and automated lesion classification, 
differentiating between benign and malignant 
breast lesions to enhance specificity and improve 
accuracy (Truhn et al. 2019; Dalmis et al. 2019) 
(Table 4). Unsurprisingly, the performance is still 
below human standards, and currently, in clinical 
applications, it is limited to prevent false-positive 
recalls (Mann et al. 2020; Reig et al. 2020). Only, 
once images from various vendors can be stan-
dardized using image synthesis-based deep learn-
ing models, AI algorithms may arrive at or even 
move beyond humanlike performance for breast 
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lesion detection and classification in MRI 
screening.

Most of the above CAD methods generally 
consider one modality, while different modalities 
may be complementary. Due to the limitation of 
processing-related information from heteroge-
neous sources, there are currently only some 
related studies using small datasets (Wang et al. 

2020; Habib et al. 2020; Cong et al. 2017). Habib 
et al. (2020) propose a deep learning method for 
the classification of breast lesions that combine 
mammography and ultrasound images showing 
the potential of multimodal classification in clini-
cal application. Likewise, He et  al. (2019) pro-
pose a multimodal risk assessment model by 
combining mammography and ultrasound images 

Table 3 AI for breast cancer detection and classification in ultrasound

Image modality Reference Task Dataset Performance Key findings
Ultrasound 
(US)

Yap et al. 
(2017)

Breast lesion 
detection

Dataset A 
comprises 306 
images (60 
malignant and 
246 benign)
Dataset B 
comprises 163 
images (53 
malignant and 
110 benign)

True positive fraction 
(TPF) = 0.99 (Dataset 
A)
TPF = 0.93 (Dataset B)

The study 
investigated the use 
of different deep 
learning 
approaches and 
presents a 
comprehensive 
evaluation of the 
most representative 
lesion detection 
methodologies.

Ciritsis et al. 
(2019)

Breast mass 
classification

Included 1090 
images from 
582 patients

Accuracy = 0.871 
(BI-RADS 2 versus 
BI-RADS 3–5)
Accuracy = 0.931 
(BI-RADS 2–3 versus 
BI-RADS 4–5)
AUC = 0.838

Deep learning may 
be used to mimic 
human decision- 
making in the 
evaluation of single 
US images of 
breast lesions 
according to the 
BI-RADS catalog.

Fujioka et al. 
(2019)

Breast mass 
classification

Included 947 
images of 235 
patients

Sensitivity = 0.958
Specificity = 0.925
Accuracy = 0.925
AUC = 0.913

Deep learning 
shows high 
diagnostic 
performance to 
discriminate 
between benign 
and malignant 
breast masses on 
ultrasound.

Cho et al. 
(2018)

Breast cancer 
detection

Included 119 
breast masses 
(54 malignant 
and 65 benign) 
from 116 
women

Specificity = 0.908 
(S-Detect)
Specificity = 0.492 
(Radiologist 1)
Specificity = 0.554 
(Radiologist 2)

S-Detect is a 
clinically feasible 
diagnostic tool that 
can be used to 
improve the 
specificity and 
accuracy of breast 
US, with a 
moderate degree of 
agreement in final 
assessments, 
regardless of the 
experience of the 
radiologist.

(continued)
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Table 3 (continued)

Image modality Reference Task Dataset Performance Key findings
Automated 
breast 
ultrasound 
(ABUS)

van Zelst 
et al. (2018)

Breast cancer 
detection

Included 120 
women (30 
malignant, 30 
benign, and 60 
normal cases)

Average reading time 
(RT) = 133.4 s/case 
(with CAD-ABUS)
Average RT = 158.3 s/
case (without 
CAD-ABUS)

CAD software for 
ABUS may decrease 
the time needed to 
screen for breast 
cancer without 
compromising the 
screening 
performance of 
radiologists.

Xu et al. 
(2018)

Breast cancer 
detection

Included 1000 
cases (206 
malignant, 486 
benign, and 308 
normal cases)

AUC = 0.784 (with 
CADe)
AUC = 0.747 (without 
CADe)

The CADe 
improves 
radiologist 
performance with 
respect to both 
accuracy and 
reading time for the 
detection of breast 
cancer using the 
automated breast 
volume scanner 
(ABVS) images.

Table 4 AI for breast cancer detection and classification in MRI

Image 
modality Reference Task Dataset Performance Key findings
DCE-MRI Dalmış 

et al. (2018)
Breast 
cancer 
detection

Included 385 
MRI scans (161 
malignant 
lesions)

Sensitivity = 0.6429 The developed CADe 
system is able to exploit the 
spatial information obtained 
from the early-phase scans 
and can be used in screening 
programs where abbreviated 
MRI protocols are used.

Herent 
et al. (2019)

Breast lesion 
classification

Included 335 
MR images 
from 335 
patients

AUC = 0.816 The study shows good 
performance of a supervised 
attention model with deep 
learning for breast MRI.

Truhn et al. 
(2019)

Breast lesion 
classification

Included 447 
patients with 
1294 enhancing 
lesions (787 
malignant, 507 
benign)

AUC = 0.88 Deep 
learning
AUC = 0.81 
Radiomic analysis
AUC = 0.98 
Radiologist

Deep learning and radiomic 
analysis approaches were 
inferior to radiologists’ 
performance for the 
classification of enhancing 
lesions as benign or 
malignant at multiparametric 
breast MRI.

Zhou et al. 
(2020)

Breast lesion 
classification

Included 227 
patients (139 
malignant and 
88 benign 
lesions)

AUC = 0.97 Using the smallest bounding 
box containing proximal 
peritumor tissue as input had 
higher accuracy compared to 
using tumor alone or larger 
boxes.

Dalmis 
et al. (2019)

Breast lesion 
classification

Included 576 
lesions imaged 
with MRI (368 
malignant and 
149 benign 
lesions)

AUC = 0.852 The developed AI system for 
interpretation of 
multiparametric ultrafast 
breast MRI may improve 
specificity.
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a

b

Fig. 2 (a) Mammograms of a patient with invasive ductal 
carcinoma (outlined and with the level of suspicion score 
assigned by AI system). (b) Mammograms of a normal 
woman with a low level of suspicion score assigned by the 

AI system. (Quoted from Rodríguez-Ruiz A, et  al. 
Detection of Breast Cancer with Mammography: Effect of 
an Artificial Intelligence Support System. Radiology, 
2019)

from BI-RADS 4 patients to facilitate biopsy 
decision. It should be realized that most studies 
on AI and breast imaging are retrospective. To 
further improve the generalizability of CAD sys-
tems in clinical applications, prospective studies 
in different ethnicities and larger populations are 
necessary.

3.3  Therapy Selection 
and Outcome Prediction 
for Interventions

In women with breast cancer, choosing the right 
therapy is the first, and in many ways most essen-
tial, “intervention” (Schaffter et al. 2020). Apart 
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Fig. 3 CAD-based minimum-intensity projection 
(MinIP) integrated in a multiplanar hanging protocol for 
ABUS that shows the conventional ABUS planes. The top 
plane shows the transverse acquisitions, the lower  
left plane the coronal reconstructions, and the lower right 
plane the sagittal reconstruction. The MinIP (bottom row 
in the middle) is a 2D image where lower intensity regions 
in the 3D ABUS volume are enhanced as dark spots. By 

clicking on the dark spot, the 3D multiplanar hanging 
automatically snaps to the corresponding 3D location. 
The CAD marks (colored square) are displayed on the 
MinIP. (Quoted from van Zelst, et al. Dedicated computer- 
aided detection software for automated 3D breast ultra-
sound; an efficient tool for the radiologist in supplemental 
screening of women with dense breasts. European 
Radiology, 2018)

from surgery, there are many other therapeutic 
options that may be considered, including differ-
ent forms of radiotherapy, and systemic therapy 
(e.g., partial breast irradiation, intraoperative 
radiotherapy, various forms of chemotherapy, tar-
geted therapy, immunotherapy, and endocrine 
therapy). Treatment for high-risk and/or locally 
advanced breast cancer patients often aims to 
reduce the volume of cancer and clinical stage 
before surgery is performed (Faneyte et al. 2003; 
Schott and Hayes 2012; Thompson and Moulder-
Thompson 2012; Kaufmann et al. 2006). This not 
only offers the potential to convert mastectomy 
to breast-conserving therapy, but also enables 
preservation of the axillary lymph nodes in 
women with initial stage IIb disease. 

Consequently, neoadjuvant systemic therapy 
(NST), the administration of chemotherapy and 
other agents prior to surgery, constitutes the first 
avenue of treatment for an expanding portion of 
breast cancer patients (Braman et  al. 2020). 
However, it is not clear which patients are sensi-
tive or not sensitive to initial treatment with a 
specific therapy. This may cause some patients to 
miss optimal opportunities for treatment due to 
initial inappropriate therapy selection.

Therefore, AI systems based on different 
modalities of breast imaging are gradually being 
applied in intervention studies to alleviate this 
plight (Table  5) (Huynh et  al. 2017; El Adoui 
et al. 2020; Braman et al. 2020; Qu et al. 2020; Ha 
et al. 2019b; Choi et al. 2020; Ravichandran et al. 

X. Wang et al.



447

2018; Rabinovici-Cohen et al. 2020). AI systems 
are being trained to predict to which specific treat-
ments breast cancer patients will likely respond or 
not respond. Moreover, even for responding 
patients, it might be useful to determine before-
hand whether there is a high likelihood that they 
will not achieve a pathological complete response 
(pCR). It is also possible to produce probability 
heatmaps that visualize tumor regions that are 
most likely to respond well, and those that are 
unlikely to respond, to obtain relevant prognostic 
information in breast cancer patients prior to ther-
apy (Ravichandran et al. 2018). Then likely non-
responders will probably be delivered to 
alternative therapeutic approaches or immediate 
surgery, thus improving patient care. This would 
both expedite the delivery of effective treatment 
and eliminate therapies that are potentially toxic 
and ineffective. These are all potential directions 
for deep learning AI-based CAD systems that 
could aid in the choice of therapy for breast can-
cer patients (Ravichandran et al. 2018; Pang et al. 
2020; Chen and Guestrin 2016).

Recently, some studies showed the potential 
effectiveness of deep learning in AI for prediction 
and discrimination of chemotherapy response, 
mainly focusing on MRI (Table 5) (Huynh et al. 
2017; El Adoui et al. 2020; Braman et al. 2020; 
Qu et al. 2020; Ha et al. 2019b; Choi et al. 2020; 
Ravichandran et  al. 2018; Rabinovici-Cohen 
et al. 2020). For instance, Braman et al. (2020) 
evaluated the ability of deep learning to predict 
response to human epidermal receptor 2-negative 
(HER2−) targeted neoadjuvant chemotherapy 
(NAC) from pretreatment dynamic contrast-
enhanced (DCE) MRI acquired prior to treatment 
and achieved an impressive response prediction 
within the validation set (AUC  =  0.93). Other 
researchers focused on multi-time points of MRI, 
comparing the different DCE-MRI contrast time 
points with regard to how well their extracted 
features predict response to NAC within a deep 
convolutional neural network. Typically, they 
found that the classifier trained on features from 
the pre-contrast time point only performed best 
with an AUC of 0.85 (Huynh et al. 2017). A study 
from Rabinovici-Cohen et  al. (2020) explored 
multimodal clinical and radiomics metrics, 

including quantitative features from mammogra-
phy, to assess in advance complete response to 
chemotherapy. Their model could correctly pre-
dict in advance which women would not achieve 
pCR.  As for AI-associated multimodal breast 
imaging studies, Choi et al. investigated the pre-
dictive efficacy of PET/CT and MRI for the path-
ological response of advanced breast cancer to 
NAC (Choi et  al. 2020), showing that a PET/
MRI-based deep learning model might predict 
pathological responses to NAC in patients with 
advanced breast cancer. Studies based on other 
multimodality combinations have not yet been 
published.

However, there are limitations to current 
research. The major limitation of the present stud-
ies is the small, retrospective single-institution 
nature. Deep learning models can evaluate high-
dimensional features of images, but a substantial 
amount of data is necessary to obtain good results 
(Tajbakhsh et al. 2016). In the future, prospective 
and multicenter studies may help to construct a 
more generalizable prediction model that is appro-
priate for different clinical situations. Additionally, 
the current research datasets usually contain a mix 
of histological and molecular breast cancer sub-
types, which are known to possess distinct imag-
ing phenotypes and disparate rates of therapeutic 
response (Carey et al. 2006; Nguyen et al. 2008). 
Ideally, a deep learning-based approach to 
response prediction would either consist of dis-
tinct CNNs trained to recognize responses within 
individual subtypes or leverage enough training 
examples of each subtype for a single network to 
learn their individual nuances. Furthermore, inte-
gration of the radiological characteristics with his-
topathological data from biopsy specimen, genetic 
information, and general patient characteristics 
should be pursued to enhance the classification 
robustness and performance.

4  Challenges and Future 
Directions

The development and implementation of artifi-
cial intelligence (AI) for breast imaging have 
been ongoing for several decades, and AI is 
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Table 5 AI in breast imaging for therapy selection and outcome prediction

Image modality Reference
Collected 
term Dataset Outcome Key findings

DCE-MRI Ha et al. 
(2019b)

Pre-NAC Included 141 
patients (46 pCR, 
57 partial 
response, 38 
non-pCR)

AUC = 0.98 
(three-class 
prediction)
Accuracy = 0.88

It is feasible for current 
deep learning architectures 
to be trained to predict 
NAC treatment response 
using a breast MRI dataset 
obtained prior to initiation 
of chemotherapy.

Ravichandran 
et al. (2018)

Pre-NAC Included 166 
patients (49 pCR, 
117 non-pCR)

AUC = 0.77 The proposed deep learning 
model was able to predict 
therapy response and 
produce probability 
heatmaps that visualized 
tumor regions that most 
strongly predicted 
therapeutic response.

Huynh et al. 
(2017)

Pre-NAC Included 64 
patients (39 pCR, 
25 non-pCR)

AUC = 0.85 The pre-contrast time point 
seems to be the most 
effective at predicting 
response to therapy.

Braman et al. 
(2020)

Pre-NAC Included 157 
patients: 85 
patients (50 pCR, 
50 non-pCR)
External test 1: 28 
patients (16 pCR, 
13 non-pCR)
External test 2: 29 
patients (10 pCR, 
19 non-pCR)

AUC = 0.93 
(internal date)
AUC = 0.85 
(external test 1)
AUC = 0.77 
(external test 2)

A multi-input deep learning 
model leveraging both 
pre-contrast and late 
post-contrast DCE-MRI 
acquisitions was identified 
to achieve optimal response 
prediction within the 
validation set.

Qu et al. 
(2020)

Pre-NAC 
and 
post-NAC

Included 302 
patients (132 
pCR, 170 
non-pCR)

AUC = 0.553 
(pre-NAC)
AUC = 0.968 
(post-NAC)
AUC = 0.970 
(combined)

The ensemble model 
performed better than using 
pre-NAC data only and also 
performed better than using 
post-NAC data only.

El Adoui 
et al. (2020)

Pre-NAC 
and 
post-NAC

Included 42 
patients (14 pCR, 
28 non-pCR)
External test:14 
cases (6 
responders and 8 
nonresponders)

AUC = 0.91 The proposed and 
developed deep learning 
model using DCE-MR 
images acquired before and 
after the first chemotherapy 
was able to classify pCR 
and non-pCR patients with 
substantial accuracy.

PET/MRI Choi et al. 
(2020)

Pre-NAC 
and 
post-NAC

Included 56 
patients (6 pCR, 
50 non-pCR)

AUC = 0.805 The deep learning model 
could predict pathologic 
responses to NAC in 
patients with advanced 
breast cancer.

Mammography Rabinovici-
Cohen et al. 
(2020)

Pre-NAC Included 528 
patients (140 
pCR, 388 
non-pCR)

AUC = 0.708 Deep learning model with 
texture extractions is used 
on mammograms for 
NACT prediction.
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poised to play a more critical role in breast cancer 
screening, diagnosis, and therapy selection. Still, 
there are large challenges to these novel AI 
applications.

Interpretability is the first challenge of AI sys-
tems. To effectively apply the AI systems to the 
clinic, their findings must be comprehensible for 
humans (Geras et  al. 2019; Chan et  al. 2020). 
Some researchers have developed visualization 
methods that use a heatmap or feature map to dis-
play the corresponding regions on the input 
image that can influence the prediction made by 
AI systems (Zeiler and Fergus 2014; Yosinski 
et  al. 2015; Zhou et  al. 2016). However, these 
visualization methods are only preliminary and 
cannot be used clinically. This problem must 
therefore be further addressed and, beyond 
improving the understanding of the AI system’s 
predictions, indicates which suspicious areas in 
breast images could be used to plan and analyze 
subsequent examinations.

The second challenge regards to the datasets. 
For the purpose of improving the performance of 
the AI-based system in a specific clinical applica-
tion, it is necessary to collect large datasets with 
appropriate labeling from trained professionals 
(Chan et  al. 2020; Thrall et  al. 2018; Bi et  al. 
2019). Because the training sample size is an 
important factor that impacts the robustness of 
the trained model, specifically, only a sufficiently 
large and accurately labeled dataset can enable 
the deep learning model to learn various types 
and subtleties from cancer images (Chan et  al. 
2020). Certain techniques can be used in limited 
datasets, such as transfer learning, but these 
methods do not obviate the need for adequate 
representation of the disease of interest in the 
training dataset (Chan et  al. 2020; Chartrand 
et  al. 2017; Do et  al. 2020; Litjens et  al. 2017; 
Bahl 2020). Prior to widespread deployment, AI 
systems require thorough tests with true indepen-
dent sets and evaluation in a clinical setting with 
large and heterogeneous populations. This 
urgently requires collaborative efforts from mul-
tiple institutions to compile big patient datasets 
across vendors.

Finally, the ultimate target is to implement the 
advances in AI in such a way that their clinical 

impact is maximized. For this target, national and 
international collaborations between radiolo-
gists, computer scientists, academia, and industry 
are necessary to regulate the integration of AI 
systems rapidly, safely, and effectively (Le et al. 
2019). In addition, physicians will require train-
ing to understand the appropriate use and limita-
tions of AI systems (Chan et al. 2020; Bahl 2020) 
that could be used in various clinical scenarios.

Overall, even with these challenges, it is 
expected that AI will play a major role in various 
clinical applications of breast imaging, albeit the 
level of autonomy is likely dependent on the use 
case for which it is employed.
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