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This book is dedicated to all women worldwide.

The efforts for those of them who are at high risk for breast 
cancer are only a part of the global fight against this disease.

F.S. and F.P.
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I willingly accepted to write a foreword for this book focused on breast MRI 
for high-risk screening for many reasons.

My connections with the two editors represent the first reason. Francesco 
Sardanelli is a Professor of Radiology at the Milan University, where I served 
as a Professor of Radiation Oncology up until less than 2 years ago. Franca 
Podo, former Research Director of the Molecular and Cellular Imaging Unit 
at the Istituto Superiore di Sanità in Rome, has been also involved in the 
development of clinical MRI in Italy from the viewpoint of regulatory health 
authorities since the early 1980s. At the end of the 1990s, they launched the 
Italian multicenter study (HIBCRIT) that contributed to build the evidence in 
favor of MRI for screening women at high risk of breast cancer.

The second reason is related to the general evolution of breast cancer man-
agement in the last decades, which I had the fortune to witness and cooperate 
to from my position of Head of the Radiation Oncology Department at the 
European Institute of Oncology in Milan, under the scientific direction of 
Umberto Veronesi. This evolution followed the pathway of a progressive de-
escalation of the aggressiveness of treatment: from mastectomy to breast con-
serving surgery and whole breast irradiation, from routine axillary dissection 
to sentinel node biopsy, from whole breast to partial breast irradiation. On the 
other side, chemotherapy, hormonal, and biological target therapies also 
evolved, increasing effectiveness while reducing side effects. What was clear 
in Veronesi’s view was that all these efforts could be most effective in the case 
of small breast cancers. Smaller the tumors at diagnosis, less aggressive and 
more effective the treatment.

Early diagnosis is only possible through breast imaging performed as a 
screening tool. Women at high risk for breast cancer, especially those who are 
carriers of BRCA or TP53 deleterious mutations, experienced the low diag-
nostic power of mammography and breast ultrasound in contrast to the higher 
incidence, earlier onset, and faster growth of breast tumors that affect these 
women, compared to the average female population. Breast MRI surveillance 
opened a new option, alternative to prophylactic mastectomy, for these 
women. Thus, MRI clearly works in the same general direction outlined 
above, i.e., to allow for early breast cancer diagnosis in this particular sub-
group of women.

The third reason comes from another of Veronesi’s views: breast care is a 
multidisciplinary science. This sentence is also mentioned by the editors at 
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the end of their Preface. Indeed, the panel of chapters’ authors of this book is 
not only international, from New York to Sydney, but it also shows how the 
perspective of breast imaging, also when considering its most powerful tool, 
i.e., MRI, must be put in the general epidemiological, clinical, and also psy-
chological context.

Finally, managing a high risk of breast cancer is only one aspect of a more 
general trend toward the use of risk stratification for personalized and preci-
sion medicine in oncology, which is one of the main challenges for the next 
future.

For all these reasons, I wish this book a great success in the whole world 
of breast cancer specialists.

European Institute of Oncology, Milan Roberto Orecchia
September 2019
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The idea of this book came up as an effect of a long collaboration between the 
two editors, a radiologist (F.S.) working in Genoa until 2000 and then in 
Milan and a physicist (F.P.) working in Rome.

We met in person during a series of conferences on magnetic resonance 
imaging (MRI) in Italy in the late 1980s and in the 1990s. On the occasion of 
an international meeting in 1997, while attending a Poster Section on breast 
MRI, we started to envision an Italian study to investigate the role of contrast-
enhanced MRI of the breast for screening women at high risk of breast cancer 
(BC).

To combine our efforts was a strategic decision. On one side, there was a 
more than 10-year clinical experience with breast MRI at the San Martino 
Hospital in cooperation with the National Institute for Cancer Research in 
Genoa. On the other side, there was a 10-year expertise on regulatory issues 
on the safety of clinical MRI systems and an over 15-year experience in basic 
research on preclinical cancer models using nuclear magnetic resonance 
(NMR) approaches at the Istituto Superiore di Sanità in Rome (Fig. 1).

Importantly, we were just in the first few years after the discovery of the 
oncosuppressor BRCA genes. In 1994, Y. Miki and coworkers [1] had iden-
tified the role of the BRCA1 gene in breast and ovarian cancer susceptibil-
ity. In 1995, R.  Wooster and coworkers [2] had identified a second BC 
susceptibility gene, BRCA2. In addition, in the first years of its clinical his-
tory, breast MRI had already substantially evolved with the introduction of 
breast-dedicated bilateral radiofrequency coils [3], with the use of gadopen-
tetate dimeglumine (Gd-DTPA) [4] as the first gadolinium-based contrast 
agent to be injected intravenously, which was soon adopted for MRI of the 
breast [5], and with the development of fast gradient-echo sequences for 
dynamic studies, which allowed sufficient levels of both spatial and tempo-
ral resolution to be achieved [6].

For those researchers who were strongly interested in innovations in BC 
care, these advances in knowledge and technology had opened a special way 
to:

 1. Verify the diagnostic performance of MRI in a screening setting with a 
higher BC incidence than that in the general female population.

 2. Offer to women with hereditary predisposition to BC a possibility of get-
ting a diagnosis earlier than that offered by mammography.
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Fortunately, in those years the Italian Society of Medical Radiology 
(SIRM)1 had established a network of breast MRI centers thanks to a research 
grant provided by the Bracco company [7]. Thereafter, this project resulted in 
two papers, still frequently quoted in the literature, one on preoperative MRI 
[8], the other on MRI for characterizing mammographic microcalcifications 
[9]. Thus, in the late 1990s, a number of Italian centers with experience in 
breast MRI were available for participating in multicenter projects.

In this scenario, under the umbrella of the Istituto Superiore di Sanità, we 
started to plan the High Breast Cancer Risk Italian 1 (HIBCRIT-1) study. F.P. 
got a series of grants that supported the study2 and centrally coordinated all 
the organizational aspects, including contacts with each center and data man-
agement. F.S. provided the radiological coordination in terms of MRI proto-
col and interpretation. However, practically all the phases of the project, from 
the study design to the enrollment of centers as well as data clearing and 
interpretation, were managed by both of us in strict interaction and coopera-
tion. We can say that for each of the many issues that investigators can 
encounter during a long study involving 18 hospitals or cancer centers, enroll-
ing 500 patients and totaling more than 1,500 multimodality screening 
rounds, we could always find a solution working together. In the phase of data 
management for the final report, we had an important support from Filippo 
Santoro, a fellow of F.P. at the Istituto Superiore di Sanità.

1 In particular, this project was led by the two SIRM sections of MRI (under the presidency 
of Alessandro Del Maschio, San Raffaele Hospital, Milan) and of Breast Imaging (under 
the presidency of Vincenzo Lattanzio, Azienda Ospedaliera Policlinico, Bari).
2 The HIBCRIT-1 study was supported by the following: Italian Ministry of Health, Ricerca 
Finalizzata 1% 98/JT/T; Istituto Superiore di Sanità, Ricerca Corrente C3A3/2004; Italian 
Ministry of Health, Research Project on Cancer Screening, Law No. 138/2004; Special 
Project in Oncology 2006—Art. 3 “Rete Solidale e Collaborazioni Internazionali (ISS per 
ACC),” Project ACC2-InTEF.

Fig. 1 The front of the main building of the Istituto Superiore di Sanità (Viale Regina 
Elena 299, Rome), scientific and technical organ of the Italian National Health Service, 
where the central coordination of the HIBCRIT-1 study was carried out from 1999 to 2013. 
At the left upper corner, the logo of this Italian governmental institution
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Many experts3 contributed to the results of this study that were published 
in three papers from 2002 to 2011 as preliminary [10], interim [11], and final 
[12] reports. We are grateful to the researchers of all participating centers. 
Only their cooperative efforts could allow an Italian network to be one of the 
few multicenter groups to provide the evidence making breast MRI accepted 
worldwide for screening high-risk women. Our preliminary report [10] was 
included in the initial evidence on which the American Cancer Society based 
the first recommendations [13] in favor of MRI for high-risk screening. More 
recently, we reported on survival analysis of the HIBCRIT-1 study [14], pro-
viding the first evidence that the combination of screening MRI with modern 
therapies can allow an equivalent good patient outcome in terms of survival 
for both triple-negative and non-triple-negative BCs in high-risk women.

The results of the HIBCRIT-1 study favored both of us in reinforcing already 
existing international relationships and in establishing new ones with many 
groups working on the application of breast MRI to high-risk women, including 
radiologists, physicists, geneticists, oncologists, surgeons, epidemiologists. 
This integrated network of experts has been the true author of this book.

Each chapter is independent from the others and can be read indepen-
dently, but the reader will find a logic order in the sequence of individual 
subjects.

In Chap. 1, we have tried to summarize the evolution of MRI, explaining 
how breast tumor detection was one of the first purposes of those researchers 
who worked for transforming a physical phenomenon, NMR, into a medical 
imaging modality, MRI. In Chap. 2, Pascal Baltzer (Vienna) and F.S. give an 
extended explanation of the reasons for the mantra about the low specificity 
of breast MRI, which somehow delayed the clinical application of the tech-
nique. Jacopo Azzollini, Laura Fontana, and Siranoush Manoukian (Milan) 
offer in Chap. 3 an updated synthesis of the knowledge available on BRCA 
and other susceptibility genes. In Chap. 4, Ritse M.  Mann and Suzan 
Vreemann (Nijmegen) illustrate the MRI technical protocols for screening, 
with emphasis on minimal requirements, type of sequences, and specific 
screening protocols, including the contrast-enhanced abbreviated and ultra- 
fast protocols as well as the perspectives of non-contrast breast MRI. In Chap. 
5, F.S., Simone Schiaffino, Andrea Cozzi, and Luca A. Carbonaro (Milan) 
give an overview on Gd-based contrast agents for breast MRI, including the 
issue of Gd retention in the brain, which resulted in the suspension from the 
market of linear agents by the European Medicines Agency. The Chap. 6 by 
Paola Clauser (Vienna) and Chiara Zuiani (Udine) is dedicated to the applica-

3 We wish to thank here those researchers who mostly contributed to the HIBCRIT-1 study. 
Without them, this study and also the present book, as a consequence of our experience in 
coordinating the study, would not have been possible. You find here the list of these 
researchers, in alphabetic order: Paolo Belli, Silvana Bergonzi, Bernardo Bonanni, 
Massimo Calabrese, Luca A.  Carbonaro, Anna Cilotti, Alma Contegiacomo, Stefano 
Corcione, Laura Cortesi, Marcello Crecco, Giuliano D’Agnolo, Alessandro Del Maschio, 
Ernesto Di Cesare, Cosimo Di Maggio, Massimo Federico, Siranoush Manoukian, Laura 
Martincich, Sandro Morassut, Pietro Panizza, Lorenzo Preda, Filippo Santoro, Antonella 
Savarese, Maura Tonutti, Giovanna Trecate, Daniela Turchetti, Daniele Vergnaghi, Chiara 
Zuiani. Many other experts collaborated to the HIBCRIT-1 study. Their list is available in 
the paper published in 2011 [12].
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tion of the Breast Imaging Reporting and Data System to a high-risk popula-
tion, while the Chap. 7 by Anne L. Martel (Toronto) illustrates potentials and 
limitations of computer-aided detection, diagnosis, and evaluation systems.

In Chap. 8, Katja Pinker (New York), Anke Meyer-Baese (Tallahassee, FL, 
USA), and Elizabeth Morris (New York) discuss the background of radioge-
nomics of breast MRI and summarize its potential, with a special focus on 
high-risk women. In Chap. 9, we present the primary evidence, i.e., the origi-
nal studies, on breast MRI for high-risk screening, while in Chap. 10 Maria 
A. Marino (Vienna-Messina), Paola Clauser (Vienna), and Thomas Helbich 
(Vienna) specifically point out the evidence in favor of MRI alone for screen-
ing high-risk women. In Chap. 11, F.S., Giovanni Di Leo (Milan) and Nehmat 
Houssami (Sidney) summarize the secondary evidence, i.e., the results of 
meta-analyses and cost-effective analyses, regarding breast MRI screening of 
high-risk women. Catherine Colin (Lyon), Nicolas Foray (Lyon), and Michel 
Bourguignon (Fontenay aux Roses, France) illustrate in Chap. 12 what radio-
protection issues are specifically relevant for BRCA mutation carriers and in 
general for women with hereditary BC predisposition. In Chap. 13, F.P., Ellen 
Warner (Toronto), Filippo Santoro (Rome), and F.S. describe the evidence 
about the impact of MRI screening on high-risk patient outcome.

Rubina M. Trimboli (Milan) and Giovanna Mariscotti (Turin) describe in 
Chap. 14 the special case of women who had previous chest radiation ther-
apy, typically lymphoma survivors, who have lifetime risk similar to that of 
BRCA mutation carriers (where MRI has suboptimal sensitivity and mam-
mography should be used as an adjunct to MRI). Giovanni Di Leo (Milan), 
Daniela Sacchetto (Turin), and Filippo Santoro (Rome) explain in Chap. 15 
the role of electronic data capture systems for BC imaging research, with 
reference to breast MRI studies.

In Chap. 16, Ayla Selamoglu and Fiona J. Gilbert (Cambridge) illustrate 
the content of guidelines and recommendations on high-risk screening world-
wide. Bernardo Bonanni, Massimiliano Cazzaniga, and Matteo Lazzeroni 
(Milan) give an overview on drugs and agents for primary prevention of BC 
in Chap. 17, while James O.  Murphy (Waterford, Ireland) and Virgilio 
S. Sacchini (New York) illustrate the role of prophylactic mastectomy and 
oophorectomy in Chap. 18. In Chap. 19, Nadia Crotti and Valentina Broglia 
(Genoa) define the multiple psychological aspects of high BC risk, from the 
effect of family history to the decision to perform genetic tests or to ask for 
prophylactic mastectomy.

Chapter 20 by Adam R. Brentnall and Stephen W. Duffy (London) is dedi-
cated to models for individual BC risk estimates. Chapter 21 by Manisha 
Bahl (Boston), Giovanni Di Leo (Milan), and Constance D. Lehman (Boston) 
summarizes the available evidence for using MRI for screening women with 
a personal BC history, while Chap. 22 by Sylvia H. Heywang-Köbrunner and 
Astrid Hacker (Munich) discusses the available evidence for using MRI for 
screening the other women at intermediate BC risk.

Finally, in Chap. 23, we try to draw some conclusions from this huge 
amount of knowledge: annual MRI is by far the best option for screening 
high-risk women unless they opt for prophylactic mastectomy, but its usage 
is conditioned by access to MRI and coverage of cost. In addition, we also 
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illustrate how artificial intelligence, especially deep learning algorithms, 
could impact on breast MRI screening in the next future.

Overall, to work as editors and authors of this book has been an exciting 
experience. We learned a lot from all the authors and we thank each of them 
sincerely.

Special thanks have to be given to Professor Roberto Orecchia for 
accepting to write the Foreword for this book. When we started to plan the 
book more than 4 years ago, our intention was to ask Professor Umberto 
Veronesi for this task. His historical role in breast cancer care was the best 
way to refer this book to the general message that breast care is a multidis-
ciplinary science, as Umberto Veronesi stated on several occasions. Breast 
MRI for high-risk screening is part of this, being a matter of interest for the 
entire breast cancer team, not only for radiologists. Unfortunately, Umberto 
Veronesi passed away on November 8, 2016, when our book was still in 
preparation. Once all chapters had been completed and updated, we submit-
ted the book to the consideration of Roberto Orecchia, asking him to write 
the Foreword. He is head of the Department of Radiation Oncology at the 
European Institute of Oncology in Milan since 1995 and succeeded Umberto 
Veronesi in the position of Scientific Director of the same institution. His 
leading role in the field of integrated therapies for breast cancer is an out-
standing example of synergy between multidisciplinary science and clinical 
care.

Furthermore, we would like to express here our deepest thanks to Dr. 
Antonella Cerri. She has not only believed in this book but has also endured 
the long delays we have accumulated over time. Finally, we want to 
acknowledge the untiring work of Dr. Andrea Cozzi, who was absolute pro-
tagonist of the arduous but indispensable proofreading of all chapters.
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CE-MRI Contrast-enhanced magnetic reso-
nance imaging

Gd-DTPA Gadopentetate dimeglumine
MRI Magnetic resonance imaging
NMR Nuclear magnetic resonance
RF Radio frequency
US Ultrasonography, ultrasound

1.1  Nuclear Magnetic Resonance

Although nuclear magnetic resonance (NMR) 
and magnetic resonance imaging (MRI) are 
based on the same basic physical principles, the 
adjective “nuclear” has been dropped from the 
acronym used for the medical diagnostic modal-
ity, i.e., MRI, since its first introduction into the 
clinical use in the United Kingdom (Nottingham 

and Aberdeen) in 1980s [1]. In the early 1980s, 
the new imaging modality began to be clinically 
used in the United States (1981) and in many 
other countries. The choice of MRI as the acro-
nym was mainly suggested by the need of avoid-
ing possible confusions with nuclear medicine 
technologies, implying the use of radioactive 
tracers. However, for at least two decades, the 
original acronym of the physical phenomenon, 
NMR, from which the magnetic imaging modal-
ity was derived, continued to be occasionally 
used in clinical practice and is still used by some 
senior physicians.

Technically speaking, a huge difference does 
exist between NMR and MRI. In fact, from the 
discovery of the NMR phenomenon (1946) and 
the first magnetic resonance images of the human 
body (1977), there were more than 30 years dur-
ing which several Nobel Prizes were assigned, 
followed by additional Nobel Prizes assigned for 
NMR/MRI matters up to 2003. The physical 
principles of NMR were established when 
Wolfgang E. Pauli (1900–1958) introduced the 
quantum concept of spin, a physical property 
firstly applied to electrons (1925) and then also to 
single and composite nuclear particles possessing 
a magnetic moment, protons being among them 
(1940). For his quantum mechanical exclusion 
principle, which underpins the whole modern 
theory of the structure of matter, including the 
NMR phenomenon, Pauli was awarded with the 
Nobel Prize in Physics in 1945 [2].
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In 1938, Isidor Isaac Rabi (1898–1988), 
Nobel laureate in physics in 1944 [2], firstly 
described the resonance method for recording 
the magnetic properties of atomic nuclei. Two 
years later (1946), Felix Bloch (1905–1983) and 
Edward M. Purcell (1912–1997) independently 
demonstrated the NMR phenomenon in liquids 
and solids and shared the Nobel Prize in Physics 
in 1952 [2]. During World War II, Purcell pio-
neered studies on the production, absorption, 
and detection of radio frequency (RF) waves at 
the Massachusetts Institute of Technology, 
Boston, MA, in the context of the development 
of radar. This Purcell’s work had been one of the 
bases for the Rabi’s discovery [3].

The discovery of NMR consisted of the repro-
ducible observation of the following phenome-
non: Atomic nuclei possessing a magnetic 
moment, such as those of 1H and 31P, when placed 
in a static magnetic field can absorb energy in the 
form of RF waves under the condition that the 
frequency of these waves is tuned to a value 
(Larmor1 frequency) dependent upon the specific 
nature of the nucleus. In that case, we can say that 
the frequency is in resonance. The specificity of 
this resonance is so high that, for example, at the 
same magnetic field strength, 1H nuclei within a 
water molecule resonate at a different frequency 
when compared to 1H nuclei within a lipid mole-
cule, and even nonequivalent chemical groups of 
a lipid molecule resonate at slightly different fre-
quencies [4].

In other words, about 50 years after the dis-
covery of x-rays (1895) by Wilhelm C. Roentgen 
and the Guglielmo Marconi’s patent for the wire-
less telegraphy (1896), another possibility of 
interrogating the matter became possible, notably 
on the low-energy nonionizing side of the elec-
tromagnetic spectrum, i.e., in the RF range, with 
a great potential for the distinction among differ-
ent molecules and chemical groups, clearly better 
than that of x-ray-based imaging techniques, and 

1 Sir Joseph Larmor (1857–1942) was an Irish physicist 
and mathematician, Lucasian Professor of Mathematics in 
Cambridge from 1903 to 1932. He improved the under-
standing of physics of electricity, dynamics, and thermo-
dynamics and contributed to the electron theory of 
matter.

without the hazards of ionizing radiation expo-
sure. However, while for x-rays the application to 
medical imaging was immediately open, from the 
first image of Bertha Roentgen’s hand to the 
diagnosis of bone fractures by Marie Curie dur-
ing the World War I [5], the potential of NMR to 
be used for medical imaging remained unex-
plored for the next three decades.

In this short sketch of the NMR history, which 
interplays with the history of physics, chemistry, 
and engineering from the end of the nineteenth 
until the first half of the twentieth century, we 
cannot ignore the role of Nikola Tesla (1856–
1943), a Serbian2 engineer who contributed to the 
development of the alternating current electrical 
system used worldwide today and discovered the 
applications of a rotating magnetic field. He 
obtained 700 patents in the United States and in 
Europe which covered every aspect of science 
and technology [6]. He probably also preceded 
Roentgen in discovering x-rays, but he did not 
publish this, as well as many other inventions he 
made in physics and engineering. In 1915, the 
New  York Times announced that Thomas A. 
Edison and Nikola Tesla would become Nobel 
laureates for physics, but the Prize was given to 
two other scientists. The Nobel Committee did 
not negate that Tesla and Edison were their first 
choice but never explained the reasons for the 
change (possibly due to a refusal of sharing the 
award by both scientists) [7]. Anyway, the name 
of Tesla entered the everyday life of NMR and 
MRI due to adoption of tesla (T) as the measure-
ment unit for magnetic induction or magnetic 
flux density in the meter-kilogram-second system 
decided by the International Electrotechnical 
Commission Committee of Action on June 27, 
1956 [6].

For decades, NMR was mainly used as a tech-
nique for analytical chemistry and biochemistry, 
with a relevant role in the understanding of the 
structure of the matter, including biological tis-
sues. Not surprisingly, two other NMR-related 
Nobel awards, both of them in chemistry, were 

2 Nikola Tesla was born on 1856 in Smiljan, now in Croatia 
(https://www.biography.com/people/nikola-tesla-9504443. 
Accessed June 30, 2020).
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assigned: in 1991, to the Swiss chemist Richard 
R. Ernst (born in 1933) for the development of 
high-resolution NMR spectroscopy [8], and in 
2002, to the Swiss chemist Kurt Wüthrich (born 
in 1938) for his NMR spectroscopy investiga-
tions on the three-dimensional structure of bio-
logical macromolecules in solution [2].

At any rate, up to the seventies, no horizon for 
translating NMR to clinical imaging was visible.

1.2  Damadian’s Translational 
Work on NMR Relaxometry

The potential of NMR in tumor analysis was 
firstly explored by Raymond V. Damadian. This 
physician, born in 1936  in New  York to an 
Armenian family, was the first who tried to use 
NMR for cancer analysis. Between 1971 and 
1974, he proposed spin-lattice (T1) and spin-spin 
(T2) NMR relaxometry for biological tissue 
characterization, in particular for discriminating 
between benign and malignant surgical speci-
mens [9, 10], declaring that the technique was 
ready for use by pathologists [10]. In 1978, his 
group specifically applied the new technique to 
breast tumors [11], showing a highly significant 
difference between relaxation times of benign 
and malignant breast tissue, with an accuracy 
superior to 95%.

Thus, the project of using NMR in oncol-
ogy, in particular for breast cancer detection, 
was proposed several years before the intro-
duction of clinical MRI scanners. This pio-
neering work strongly pushed forward the 
technical improvement of NMR machines, 
revealing a potential huge impact on clinical 
research and practice. In those years, in fact, 
the use of ultrasound and of computed tomog-
raphy in oncologic imaging became common 
practice, but radiologists early started to under-
stand the limitations of these methods for tis-
sue characterization [12, 13].

NMR relaxometry of cancer tissues was a 
turning point. Using a modern language, we 
could say that Damadian’s work represented the 
translational jump from physics and chemistry 
to medicine. Radiology and not pathology was 

the discipline that gained the driving seat for 
this jump. This was properly related to the trans-
formation of NMR into MRI, i.e., to the produc-
tion of clinical images. A process measuring 
relaxation times became a way for looking 
inside the human body. Damadian’s role in the 
origination of medical MRI was acknowledged 
by the US Supreme Court in its 1997 decision, 
when the court enforced Damadian’s original 
patent [14] on the discovery of magnetic relax-
ation differences in tissues and their use in 
scanning.

1.3  Making Images Using MRI: 
P. Mansfield and P. C. 
Lauterbur

Having in mind the invention of computed 
tomography, introduced in clinical use for cranial 
scan in 1971 and for body scan a few years later, 
key issues to obtain clinical images from an 
NMR imaging equipment were:

 1. To have large magnets where patients could 
be introduced horizontally, providing mag-
netic fields sufficiently high, stable, and 
homogenous.

 2. To spatially localize the origin of the NMR 
signals received from the body of a subject 
introduced in the magnet.

While the first point could be considered only 
a matter of engineering suitable magnets, the sec-
ond issue required a higher level of innovation. 
Spatial localization was not an issue when per-
forming relaxometry or high-resolution spectros-
copy experiments on biological samples, 
typically introduced inside cylindrical tubes to be 
vertically inserted into small-bore powerful mag-
nets. However, spatial localization was a crucial 
step for imaging. The physicist Peter Mansfield 
(1933–2017), born in London and working at the 
University of Illinois, and the chemist Paul C. 
Lauterbur (1929–2007), born in Sidney and 
working at the New  York Stony Brook State 
University, gave a fundamental contribution for 
solving the problem [15, 16].

1 From NMR to Clinical Breast MRI
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The invention was to add to the principal static 
magnetic field B0, used for a classic NMR experi-
ment, local modifications of the field intensity 
precisely controlled in space and time by gradi-
ents of magnetic field (B1) so that at each point of 
the space inside the magnet, a local magnetic field 
is generated, given by the vector sum of B0 + B1. 
By rapidly switching on and off three orthogonal 
gradients oriented in a planned order during the 
NMR imaging experiment, a slice is firstly 
selected within the studied object. Then, the spa-
tial localization of individual pixels within the 
slice is encoded using phase and frequency of the 
RF signals. The overall free induction decay sig-
nal received by the RF coil of a pulsed NMR 
equipment is the sum of thousands of different 
NMR signals generated by nuclear spins differ-
ently located in the space. The NMR experiment 
performed in the presence of magnetic field gradi-
ents is repeated many times, and the received RF 
signals are recorded into a mathematical matrix 
named k-space. The image, composed by the sig-
nal intensity values obtained for the individual 
pixels composing the slice, is obtained using a 
mathematical process, the two- dimensional 
Fourier transform (one dimension corresponding 
to the signal phase and the other to the signal fre-
quency) [17].

For this ingenious idea and its subsequent 
implementations, Paul C.  Lauterbur and Peter 
Mansfield shared in 2003 the Nobel Prize in 
Physiology and Medicine [2].

1.4  The Pre-Gadolinium Era: 
Unenhanced Breast MRI

During the first half of the 1980s, researchers 
explored the potential of breast MRI performed 
using the unenhanced standard sequences avail-
able in those days. Searching on the PubMed for 
breast MRI studies before the introduction of 
gadolinium-based contrast agent (August 1986; 
see below), we found 37 papers, only 11 of them 
regarding in vivo applications on humans.

The first clinical paper was published by R. J. 
Ross and coworkers (Cleveland, OH, USA) in 
1982 [18]. They studied 128 breasts in 65 patients, 
describing the signal behavior of different lesions:

Normal breasts and breasts with extensive fatty 
replacement were found to have the lowest T1 val-
ues, whereas T1 values of malignant tissue were 
elevated. T1 values for mammary dysplasia 
extended over a wide range, and NMR images 
exhibited lower proton density than normal tissue. 
In several patients with severely dysplastic breasts, 
T1 values overlapped those from patients with 
documented breast neoplasms. Markedly elevated 
T1 values were obtained from fluid-filled cysts that 
were well beyond the range of malignancy.

Five papers came from the same group of 
authors, S. J. el Yousef and coworkers (Cleveland, 
OH, USA), between 1983 and 1985 using a 
FONAR unit equipped with a vertical magnet. The 
last one [19] summarized their experience on 100 
patients. Their conclusions were the following:

The precise role of MRI in the workup of breast 
lesions is not yet defined. Specificity and sensitivity 
of MRI are yet to be established in future prospec-
tive double-blind analysis with mammography and 
sonography. Our preliminary experience suggests 
that MRI has an adjunctive role to mammography 
and could be a valuable method for the diagnosis 
of breast lesions.

In 1985, one paper described the first experi-
ence with radio frequency coils allowing simulta-
neous bilateral breast MRI [20], one paper 
investigated the variation of normal breast tissues 
during the menstrual cycle [21], and a third paper 
reported a first limited experience with a surface 
solenoid radio frequency coil [22].

Of note, in August 1985, Sylvia Heywang and 
coworkers (Munich, Germany) [23] reported on 
50 breast masses in 41 consecutive patients eval-
uated by MRI and mammography (some of them 
also studied by US): 32 carcinomas, 1 secondary 
malignant lymphoma, 4 fibroadenomas, 2 papil-
lomas, 3 cysts, 1 hamartoma, and 5 dysplastic 
nodules. The conclusion was very cautious: 
Possible future indications are suggested for 
selected cases (an elegant way for saying that 
unenhanced breast MRI showed few possibilities 
to enter clinical breast imaging practice). In addi-
tion, the same group of authors also published in 
the same year a case report on a breast cancer 
behind an implant [24].

Practically, translating NMR relaxometry into 
standard T1-, T2-, and proton density-weighted 
images allowed a very limited tissue discrimina-
tion, with the exception of normal fat and cysts. 

F. Sardanelli and F. Podo
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However, the discrimination between liquid and 
solid lesions was a task that, even when problem-
atic at mammography, had already become sim-
ple and cheap with breast ultrasonography (US) 
several years before [25].

1.5  Contrast-Enhanced  
Breast MRI

In 1986, Sylvia Heywang and coworkers from 
Munich, Germany, few months after the publica-
tion of their aforementioned paper on unenhanced  
breast MRI [24], reported the first experience with 
contrast-enhanced MRI (CE-MRI) of the breast 
[26], using the first available paramagnetic con-
trast agent (gadopentetate dimeglumine, 
Gd-DTPA). Notwithstanding the paucity of the 
case series, this study opened a completely new 
perspective. The short abstract was:

In a preliminary study 20 patients underwent 
breast examinations by magnetic resonance (MR) 
imaging without and with Gd-DTPA as contrast 
medium. All carcinomas enhanced, whereas dys-
plastic tissue enhanced slightly or not at all. 
Significant additional diagnostic information was 
available on the Gd-DTPA examinations in at least 
four of 20 cases compared with MR without con-
trast medium and X-ray mammography. Our pre-
liminary results indicate that MR imaging of breast 
using Gd-DTPA may be helpful for the evaluation 
of dense breasts and the differentiation of dyspla-
sia and scar tissue from carcinoma.

At the beginning, even after the introduction 
of intravenous contrast injection, radiologists 
who pioneered the use of this technology faced 
difficulties and distrusts from the established 
medical community working on breast cancer. 
Even breast radiologists, who were in those days 
highly confident with the so-called triple assess-
ment composed by mammography, US, and nee-
dle sampling, were not so favorable to 
MRI.  Although mammography was still in the 
era of screen-film, US B-mode images were dis-
tant from the today quality, and needle sampling 
was mainly only fine needle aspiration (with its 
inherent uncertainties), surprisingly breast MRI 
did not receive a wide acceptance.

Breast MRI investigators highlighted that the 
new method allowed breast cancer identification, 
thanks to its ability to visualize neoangiogenesis 

associated with tumor progression, a completely 
new functional imaging approach intrinsically 
different from the only morphologic evaluation 
provided by mammography and US. Physically 
speaking, two completely different pieces of 
 theory were involved: differences in photon 
attenuation as an effect of electron density on the 
x-ray side and differences in nuclear magnetic 
relaxation times due to the local uptake of the 
paramagnetic contrast material on the MRI side. 
Unfortunately, the reference to tumor-associated 
neoangiogenesis was reminiscent of the old ther-
mography, an approach leading to a false hope 
for breast cancer diagnosis as it was burdened by 
a high rate of false negatives and false positives,3 
although it is still sometimes represented again as 
a new method [27].

The main criticisms against breast MRI were 
based on high cost, need of intravenous contrast 
injection, and, above all, an alleged high rate of 
false positives. A mantra arose very soon: Breast 
MRI has a high sensitivity but a low specificity. This 
was due to some papers reporting results of CE-MRI 
of the breast when descriptors and methods for 
interpreting breast MRI were still in their infancy. In 
fact, MRI was firstly considered in the Breast 
Imaging Reporting and Data System by the 
American College of Radiology only in 2003 [28]. 
Thus, every contrast-enhancing breast finding could 
at that early stage be considered as suspicious, with 
the result that small studies often reported low spec-
ificity values. Unfortunately, those small studies 
became the reference against breast MRI.

A clear example of this misleading use of pub-
lished data is given by the comparison of two 
papers published in 1993 and 1994, a comparison 
firstly reported in Amsterdam by Pascal Baltzer 
from Vienna during the ceremony for the attribu-
tion of the European Society of Breast Imaging 
2014 Gold Medal to the memory of the chemist 
and radiologist Werner A.  Kaiser (1949–2013), 

3 Notably, some new currently emerging technologies such 
as optical imaging and opto-acoustic imaging should not 
be confused with the old thermographic methods. 
Interesting research on these new approaches is ongoing, 
and good results may be possible. See Di Leo G, Trimboli 
RM, Sella T, Sardanelli F (2017) Optical imaging of the 
breast: basic principles and clinical applications. AJR Am 
J Roentgenol 209:230–238.

1 From NMR to Clinical Breast MRI
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one of the most prominent pioneers of breast 
MRI.  Professor Kaiser firstly demonstrated the 
value of dynamic scan for CE-MRI of the breast 
[29] and was the author of a famous book entitled 
Signs in MR Mammography [30], where a total of 
147 different signs for interpreting both T1- and 
T2-weighted unenhanced and T1-weighted 
dynamic contrast-enhanced images were 
described. On that occasion, Pascal Baltzer noted 
and commented the following two facts:

 1. In 1993, a breast MRI study from Steven 
Harms and coworkers (Dallas, TX, USA) 
[31], conducted on 30 breasts with 47 malig-
nant and 27 benign lesions, reported a 94% 
sensitivity and a 37% specificity.

 2. In 1994, a group guided by Werner A. Kaiser 
(Jena, Germany) [32] reported a 98% sensitiv-
ity and a 97% specificity on the basis of 2,053 
cases, with histopathological verification 
within 2 weeks (n  =  766) or follow-up con-
trols up to 7 years.

The reader will find an in-depth discussion 
about the mantra of low specificity of breast MRI 
in Chap. 2, where the reasons for this myth are 
explained from an historical and theoretical 
viewpoint, properly discussing the meaning of 
the results of these two papers.

To note, 1993 was also the year of the first 
report on a tumor suppressor gene (BRCA1) con-
ferring a high breast cancer risk to women carri-
ers of a deleterious mutation [33], and the 
identification of a similar role for another gene, 
BRCA2, followed very soon [34]. This relevant 
new knowledge created the possibility to identify 
populations of women having a risk of develop-
ing breast cancer during their lifetime clearly 
higher than that of the general female population. 
This opened the way to studies planned to com-
pare the diagnostic performance of MRI with that 
of conventional imaging (mammography and/or 
US) for screening high-risk populations, which is 
the topic of this book.

High-risk screening was not the only field of 
application for breast MRI. Considerable efforts 

were also dedicated to other clinical topics. 
Taking into account the relevance of a multi-
center study in providing high level of evidence 
not only in terms of efficacy but also in terms of 
effectiveness [35], an idea about the efforts 
devoted to breast MRI clinical research can be 
obtained looking at Table 1.1. Up to December 
2017, overall, 62 studies were carried out, enroll-
ing over 34,000 women who underwent over 
51,000 breast MRI examinations in 739 centers. 
Eighty-five papers were published; interestingly, 
the majority of them, 54%, appeared in non-
imaging, i.e., clinical journals;  over 70% of these 
studies came from Europe. High-risk screening 
was the most popular research topic, with more 
than 8,000 women involved in 162 centers, about 
20,000 MRI examinations performed, and 30 
papers published from 12 different studies, 
mainly from Europe.

Of course, this is only a partial picture, first of 
all because also many single-center studies (and 
meta-analyses) contributed to build the body of 
evidence for the clinical use of breast 
MRI. However, the large experience of high-risk 
screening studies strongly contributed to make 
breast MRI a credible tool to non-radiologists 
and also to breast radiologists not yet practicing 
breast MRI.

Another way to appreciate the increasing role 
of breast MRI is to evaluate its relative weight 
among all the methods for breast cancer diagnos-
ing. The results of a search on PubMed is shown 
in Fig. 1.1. While the total number of papers per 
year went up from tens in the 1960s to near 3,500 
between 2011 and 2017, the  relative weight of 
mammography dropped from over 90% to about 
40%, both US and MRI  progressively increased to 
over 20%, and in the last period, MRI (24%) 
slightly surpassed US (22%).

This increasing role of MRI in breast research, 
as testified by the PubMed citations, provided the 
evidence which prompted its use in clinical prac-
tice. To result the winner in the screening setting in 
comparison with mammography and US by far in 
terms of sensitivity, with good specificity and posi-
tive predictive value was the winning card for MRI.

F. Sardanelli and F. Podo



7

Ta
bl

e 
1.

1 
M

ul
tic

en
te

r 
br

ea
st

 M
R

I 
st

ud
ie

s 
up

 to
 D

ec
em

be
r 

20
17

St
ud

y 
ty

pe
N

um
be

r 
of

 s
tu

di
es

Pa
tie

nt
s

M
R

I 
ex

am
s

C
en

te
rs

Pa
pe

rs
Pa

pe
rs

 p
er

 c
ou

nt
ri

es
 o

f 
ce

nt
er

s 
in

vo
lv

ed

To
ta

l
M

in
M

ax
To

ta
l

M
in

M
ax

To
ta

l
M

in
M

ax
To

ta
l

Im
ag

in
g 

jo
ur

na
ls

N
on

-
im

ag
in

g 
jo

ur
na

ls
E

ur
op

e

E
ur

op
e 

an
d 

A
m

er
ic

a
A

m
er

ic
a

A
si

a
1.

 H
ig

h-
ri

sk
 s

cr
ee

ni
ng

12 19
%

8,
15
2

24
%

93 2,
50

0
19
,6
49

38
%

17
1

7,
50

0
16
2

22
%

4 30
30 35

%
10

20
27

2
1

0

2.
  I

nt
er

m
ed

ia
te

 o
r 

av
er

ag
e 

ri
sk

 
sc

re
en

in
g

3 5%
5,
86
9

17
%

75
4

2,
99

5
7,
19
6

14
%

75
4

4,
32

2
17 2%

2 9
3 4%

1
2

2
0

0
1

3.
  D

ia
gn

os
tic

 p
er

fo
rm

an
ce

/
co

nt
ra

st
 a

ge
nt

s
16 26

%
5,
55
0

16
%

63 1,
53

7
6,
58
7

13
%

24 1,
65

2
18
3

25
%

3 25
20 24

%
17

3
11

4
5

0

4.
 P

re
op

er
at

iv
e

10 16
%

5,
53
6

16
%

90 1,
78

7
4,
78
2

9%
90 1,

87
8

24
0

32
%

2 45
10 12

%
3

7
8

1
0

1

5.
 M

R
I-

gu
id

ed
 in

te
rv

en
tio

ns
9 15

%
3,
83
8

11
%

63 1,
50

9
3,
83
8

7%
63 1,

50
9

66 9%
2 20

9 11
%

5
4

6
1

2
0

6.
  B

ac
kg

ro
un

d 
pa

re
nc

hy
m

al
 

en
ha

nc
em

en
t

1 2%
2,
95
8

9%
–

3,
77
0

7%
–

6 1%
–

1 1%
1

0
0

0
1

0

7.
 N

A
T

 s
et

tin
g

11 18
%

2,
21
4

6%
39 75

9
5,
72
3

11
%

46 1,
51

8
65 9%

3 15
12 14

%
2

10
8

1
3

0

To
ta

l
62 10

0%
34
,1
17

10
0%

63 2,
99

5
51
,5
45

10
0%

24 7,
50

0
73
9

10
0%

2 45
85 10

0%
39 46

%
46 54

%
62 73

%
9 11

%
12 14

%
2 2%

N
A

T
 N

eo
ad

ju
va

nt
 th

er
ap

y.
 D

at
a 

fr
om

 P
ub

M
ed

/M
ed

lin
e 

fo
r 

“b
re

as
t M

R
 A

N
D

 m
ul

tic
en

te
r”

, a
cc

es
se

d 
on

 J
an

ua
ry

 2
2,

 2
01

8.
 T

he
 r

es
ea

rc
h 

w
as

 li
m

ite
d 

to
 m

ul
tic

en
te

r 
st

ud
ie

s 
pu

bl
is

he
d 

in
 E

ng
lis

h.
 O

ne
 in

te
rn

at
io

na
l s

tu
dy

 o
n 

pr
eo

pe
ra

tiv
e 

br
ea

st
 M

R
I w

as
 c

la
ss

ifi
ed

 a
s 

in
vo

lv
in

g 
ce

nt
er

s 
fr

om
 E

ur
op

e 
an

d 
U

ni
te

d 
St

at
es

 b
ut

 a
ls

o 
so

m
e 

A
si

an
 c

en
te

rs
 w

er
e 

in
vo

lv
ed

. S
tu

di
es

 
on

 s
cr

ee
ni

ng
 o

f 
w

om
en

 w
ith

 p
er

so
na

l b
re

as
t c

an
ce

r 
hi

st
or

y 
w

er
e 

in
cl

ud
ed

 in
 g

ro
up

 6

1 From NMR to Clinical Breast MRI



8

References

 1. Grover VP, Tognarelli JM, Crossey MM, Cox IJ, 
Taylor-Robinson SD, McPhail MJ (2015) Magnetic 
resonance imaging: principles and techniques: lessons 
for clinicians. J Clin Exp Hepatol 5:246–255

 2. The Nobel Prize website. https://www.nobelprize.
org/. Accessed 30 Jun 2020

 3. The New York Times (1997) Dr. Edward Purcell, 
84, dies; shared Nobel prize in physics. https://
www.nytimes.com/1997/03/10/us/dr-edward-pur-
cell-84-dies-shared-nobel-prize-in-physics.html. 
Accessed 30 Jun 2020

 4. Bottomley PA (1984) NMR in medicine. Comput 
Radiol 8:57–77

 5. Babic RR, Stankovic Babic G, Babic SR, Babic NR 
(2016) 120 years since the discovery of x-rays. Med 
Pregl 69:323–330

 6. Roguin A (2004 Mar) Nikola tesla: the man behind 
the magnetic field unit. J Magn Reson Imaging 
19(3):369–374

 7. Cheney, Margaret (2001) Tesla: Man Out of Time. 
Simon & Schuster, New York City

 8. Shampo MA, Kyle RA, Steensma DP (2012) Richard 
Ernst—Nobel Prize for nuclear magnetic resonance 
spectroscopy. Mayo Clin Proc 87:e109

 9. Damadian R (1971 Mar 19) Tumor detection by nuclear 
magnetic resonance. Science 171(3976):1151–1153

 10. Damadian R, Zaner K, Hor D, DiMaio T (1974 Apr) 
Human tumors detected by nuclear magnetic reso-
nance. Proc Natl Acad Sci U S A 71(4):1471–1473

 11. Goldsmith M, Koutcher JA, Damadian R (1978 
Oct) NMR in cancer, XIII: application of the NMR 
malignancy index to human mammary tumours. Br J 
Cancer 38(4):547–554

 12. Roub LW, Drayer BP (1979 Aug) Spinal computed 
tomography: limitations and applications. AJR Am J 
Roentgenol 133(2):267–273

 13. Bruneton JN, Philippe JC, Balu C, Drouillard J, 
Caramella E, Roux P (1983) Echography in tumor 

pathology of the spleen: limitations and perspectives. 
Nouv Rev Fr Hematol 25(6):355–361

 14. U.S. Patent #3,789,832. https://patents.google.com/
patent/US3789832A/en. Accessed 30 Jun 2020

 15. Mansfield P, Maudsley AA (1977) Medical imaging 
by NMR. Br J Radiol 50:188–194

 16. Lauterbur PC (1980) Progress in n.m.r. zeugmatogra-
phy imaging. Philos Trans R Soc Lond Ser B Biol Sci 
289:483–487

 17. Elster AD. Questions and answers in MRI. https://
www.mriquestions.com/from-signals-to-images.
html. Accessed 30 Jun 2020

 18. Ross RJ, Thompson JS, Kim K, Bailey RA (1982) 
Nuclear magnetic resonance imaging and evaluation 
of human breast tissue: preliminary clinical trials. 
Radiology 143:195–205

 19. el Yousef SJ, O’Connell DM, Duchesneau RH et  al 
(1985) Benign and malignant breast disease: mag-
netic resonance and radiofrequency pulse sequences. 
AJR Am J Roentgenol 145:1–8

 20. Wolfman NT, Moran R, Moran PR, Karstaedt N (1985) 
Simultaneous MR imaging of both breasts using a 
dedicated receiver coil. Radiology 155:241–243

 21. Nelson TR, Pretorius DH, Schiffer LM (1985) 
Menstrual variation of normal breast NMR relaxation 
parameters. J Comput Assist Tomogr 9:875–879

 22. Kaiser W (1985) MRI of the female breast. First clini-
cal results. Arch Int Physiol Biochim 93:67–76

 23. Heywang SH, Fenzl G, Edmaier M, Eiermann W, 
Bassermann R, Krischke I (1985) Nuclear spin 
tomography in breast diagnosis. Röfö 143:207–212

 24. Heywang SH, Eiermann W, Bassermann R, Fenzl G 
(1985) Carcinoma of the breast behind a prosthesis—
comparison of US, mammography and MRI (case 
report). Comput Radiol 9:283–286

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

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

3500

2500

1500

3000

1000

2000

500

0

1961–70 1971–80 1981–90 1991–00 2001–10 2011–17 1961–70 1971–80 1981–90 1991–00 2001–10 2011–17

2011–17

Total articles per year

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100% VAB

CB VAB

CB

MRI

FNA

US

Mamm

1%

24%

7%

5%

22%

40%Mammography

US

FNA MRI

Fig. 1.1 Results of a research on PubMed, performed on 
June 1, 2018. The search was done for “breast” AND each 
of the following: “mammography,” “ultrasound,” “mag-

netic resonance imaging,” “fine needle aspiration,” “core 
biopsy,” and “vacuum-assisted biopsy” (Mamm, US, 
MRI, FNA, CB, and VAB, respectively)

F. Sardanelli and F. Podo

https://www.nobelprize.org/
https://www.nobelprize.org/
https://www.nytimes.com/1997/03/10/us/dr-edward-purcell-84-dies-shared-nobel-prize-in-physics.html
https://www.nytimes.com/1997/03/10/us/dr-edward-purcell-84-dies-shared-nobel-prize-in-physics.html
https://www.nytimes.com/1997/03/10/us/dr-edward-purcell-84-dies-shared-nobel-prize-in-physics.html
https://patents.google.com/patent/US3789832A/en
https://patents.google.com/patent/US3789832A/en
https://www.mriquestions.com/from-signals-to-images.html
https://www.mriquestions.com/from-signals-to-images.html
https://www.mriquestions.com/from-signals-to-images.html


9

 27. Brkljacić B, Miletić D, Sardanelli F (2013) 
Thermography is not a feasible method for 
breast cancer screening. Coll Antropol 37: 
589–593

 28. American College of Radiology (2003) Breast 
Imaging Reporting and Data System® (BI-RADS®). 
4th edition. American College of Radiology, Reston, 
VA, USA

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

 30. Kaiser WA (2008) Signs in MR-mammography. 
Springer-Verlag, Berlin

 31. Harms SE, Flamig DP, Hesley KL et  al (1993) MR 
imaging of the breast with rotating delivery of exci-
tation off resonance: clinical experience with patho-
logic correlation. Radiology 187:493–501

 32. Kaiser WA (1994) False-positive results in dynamic 
MR mammography. Causes, frequency, and methods 
to avoid. Magn Reson Imaging Clin N Am 2:539–555

 33. Casey G, Plummer S, Hoeltge G, Scanlon D, Fasching 
C, Stanbridge EJ (1993) Functional evidence for a 
breast cancer growth suppressor gene on chromosome 
17. Hum Mol Genet 2(11):1921–1927

 34. Schutte MI, Rozenblum E, Moskaluk CA et al (1995) 
An integrated high-resolution physical map of the 
DPC/BRCA2 region at chromosome 13q12. Cancer 
Res 55(20):4570–4574

 35. Oxford Centre for Evidence-based Medicine (2009) 
Levels of evidence. http://www.cebm.net/oxford-
centre-evidence-based-medicine-levels-evidence-
march-2009/. Accessed 30 Jun 2020

1 From NMR to Clinical Breast MRI

http://www.cebm.net/oxford-centre-evidence-based-medicine-levels-evidence-march-2009/
http://www.cebm.net/oxford-centre-evidence-based-medicine-levels-evidence-march-2009/
http://www.cebm.net/oxford-centre-evidence-based-medicine-levels-evidence-march-2009/


11© Springer Nature Switzerland AG 2020 
F. Sardanelli, F. Podo (eds.), Breast MRI for High-risk Screening, 
https://doi.org/10.1007/978-3-030-41207-4_2

The Mantra about Low Specificity 
of Breast MRI

Pascal A. T. Baltzer and Francesco Sardanelli

Abbreviations

BI-RADS Breast Imaging Reporting and Data 
System

DWI  Diffusion-weighted imaging
MRI Magnetic resonance imaging
US Ultrasonography, ultrasound

2.1  Introduction

Dynamic contrast-enhanced magnetic resonance 
imaging of the breast (referred to as breast MRI 
throughout this chapter, with few logic excep-
tions) is the most sensitive test for detection of 
breast cancer. This is due to the functional infor-
mation given by breast MRI as the result of dif-
ferences in tissue vascularization, microvascular 
permeability, and volume of the interstitial space. 

An increased contrast medium uptake due to 
changes of these parameters can be appreciated 
as bright areas of contrast enhancement on 
T1-weighted images, better visualized when tem-
poral subtraction (contrast-enhanced minus 
unenhanced images) and/or spectral fat satura-
tion are applied. As biologically active breast 
cancer is characterized by its vascularization due 
to neoangiogenesis, a process starting from about 
3 mm in size, breast MRI can depict most can-
cers. Non-enhancing cancers are extremely rare 
and are a matter of case reports. Thus, false- 
negative diagnoses in breast MRI are mainly due 
to either technical problems or reader mistakes, 
for a variety of reasons, ranging from atypical 
localizations to motion and breathing artifacts. 
Finally, a malignant enhancement may be mis-
taken for a benign lesion or simple background 
enhancement.

The tissue changes demonstrated by breast 
MRI are not specific for malignant lesions. A 
variety of other conditions lead to an increased 
contrast enhancement, including hormonally 
stimulated breast tissue, benign proliferative 
fibrocystic disease, benign tumors such as fibro-
adenoma, and lesions with uncertain malignant 
potential (so-called B3 lesions at pathological 
examination of needle biopsy specimen). The 
safest diagnostic criterion to rule out malignancy 
in a technically adequate breast MRI examina-
tion is the absence of any contrast enhancement. 
However, this condition is not regularly fulfilled 

P. A. T. Baltzer (*) 
Department of Biomedical Imaging and Image- 
guided Therapy, Division of Molecular and Gender 
Imaging, Medical University of Vienna,  
Vienna, Austria
e-mail: pascal.baltzer@meduniwien.ac.at 

F. Sardanelli 
Department of Biomedical Sciences for Health, 
Università degli Studi di Milano, Milan, Italy 

Unit of Radiology, IRCCS Policlinico San Donato, 
San Donato Milanese, Italy
e-mail: francesco.sardanelli@unimi.it

2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-41207-4_2&domain=pdf
https://doi.org/10.1007/978-3-030-41207-4_2#DOI
mailto:pascal.baltzer@meduniwien.ac.at
mailto:francesco.sardanelli@unimi.it


12

as most healthy women show at least some degree 
of background parenchymal enhancement and 
may also show one or several benign contrast 
enhancements. To distinguish benign from malig-
nant enhancing lesions requires diagnostic crite-
ria, none of which can absolutely rule in or rule 
out breast cancer. As the aim of breast imaging is 
to detect all biologically relevant cancers, the 
reader will in case of doubt decide for the more 
suspicious diagnosis and order a biopsy.

The high sensitivity of breast MRI can thus be 
considered its greatest challenge. This challenge 
has been described in a highly repetitive form by 
variations of the following sentence: “Breast MRI 
has a high sensitivity but low specificity.” On mul-
tiple occasions, this sentence has been referred to 
as a “mantra” by Werner A. Kaiser [1], one of the 
earliest pioneers of this method and gold medalist 
of the European Society of Breast Imaging, attrib-
uted to his memory in 2014. The term “mantra” 
stems from Sanskrit and is typically defined as a 
group of words or a sentence that is believed to 
have psychological and spiritual powers. These 
transcendent powers are believed to influence the 
immanent usually by repetitive recitation [2]. Dr. 
Kaiser chose this term as he considered this state-
ment as both not backed up by scientific evidence 
and detrimental for the propagation of breast 
MRI. In fact, it was used to discredit rather than 
embrace the new method [3]. A majority of both 
research and review articles on breast MRI have 
used this mantra. We invite our readers to explore 
this issue in more detail.

2.2  The Origin of the Mantra 
on Low Specificity of Breast 
MRI

When (dynamic contrast-enhanced) breast MRI 
was developed and introduced around 1990 [4, 
5], screening mammography had already been 
established and found broad international appli-
cation followed by quality assurance initiatives in 
1992 in both Europe [6] and the United States [7, 
8]. A generation of radiologists had previously 
established techniques to improve mammogra-
phy workflow, reduce costs, and provide methods 
to establish diagnoses and guide surgery [9].

The proposal of breast MRI as a new and 
probably better diagnostic test could barely fall 
on fertile grounds in a time when decades of sci-
entific, clinical, and commercial work were only 
beginning to show results. MRI was much less 
developed and available than it is today. In addi-
tion, not to consider important differences in 
costs, a problem that still persists today is related 
to organizational issues. On the one hand, breast 
radiologists have to compete with other col-
leagues to define suitable slots dedicated to breast 
imaging at MRI facilities. On the other hand, dif-
ferently from brain/spine, musculoskeletal, and 
body MRI playing a mainly purely diagnostic 
job, breast MRI is much more interacting with 
other diagnostic imaging methods and also linked 
to imaging-guided biopsy and presurgical local-
ization. This special role of MRI poses a serious 
workflow challenge in the breast clinic.

Additional findings on breast MRI must be 
further worked up, either by targeted (also named 
second-look) ultrasonography (US), biopsy, sur-
gery, or follow-up. Sending a patient to breast 
MRI for a specific purpose (e.g., to clarify 
whether a mammographic density is due to a scar 
or cancer recurrence) and getting back one or 
multiple additional ipsilateral and/or contralat-
eral findings could be frustrating, even more so in 
past times when the MRI guidance for biopsy and 
localization was not available and the experience 
in targeted US procedures after MRI was only in 
an early phase. These additional findings, which 
require more effort in terms of time and person-
nel, were and currently are considered more dif-
ficult to manage than mammographic or US 
findings. This has led to the widespread believe 
that breast MRI is rather a problem maker than a 
problem solver.

2.3  Is the Specificity of Breast 
MRI Indeed Low? 
The Scientific Evidence

As said, articles quoting variations of the sen-
tence “Breast MRI has a high sensitivity but low 
specificity” in a mantra-like fashion are abun-
dant. Exploring cross-references between these 
articles should thus lead to the original evidence. 
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However, this is not fully true in this case: Either 
the authors cite overview articles containing the 
same statement or do not reference their claim at 
all, contributing to the mantra-like impression of 
the statement. Despite that the reader will iden-
tify several articles connected to the claim of 
breast MRI having a low specificity, the most 
important one in terms of referencing is arguably 
an early work by Steven E. Harms and coworkers 
published in Radiology in 1993 [10]. We will 
compare this work to that published in the fol-
lowing year (1994) by Werner A.  Kaiser in 
Magnetic Resonance Imaging Clinics of North 
America [11], in order to illustrate some impor-
tant aspects about the assertion of a low specific-
ity linked to breast MRI.

The Harms’ study [10], conducted on 30 
breasts with 47 malignant and 27 benign lesions, 
reported a 94% sensitivity and a 37% specificity. 
The Kaiser’ study [11] conducted on 2,053 breast 
MRI examinations, 766 of them with histopatho-
logical verification within 2 weeks, the remaining 
having a follow-up up to 7 years, reported a 98% 
sensitivity and a 97% specificity. While the 
results obtained by Harms were reported in the 
abstract, those by Kaiser were not, probably con-
tributing to a lower impact of the latter on the 
medical community. However, the difference in 
the reported specificity between the two articles 
deserves an in-depth analysis and discussion, 
beyond the simple notice of the huge difference 
in sample size, which could immediately close 
the discussion in terms of confidence intervals of 
any performance indices.

A potential pitfall in the interpretation of diag-
nostic performance is the assumption that param-
eters such as sensitivity and specificity reflect the 
intrinsic accuracy of the test. This is not the case. 
A reported diagnostic performance is linked to 
multiple factors besides the inherent diagnostic 
ability of the test itself, such as readers’ experi-
ence, examination protocol, and, probably most 
important, the setting the test is applied in. We 
should also distinguish screening from assess-
ment, that is, when asymptomatic subjects or 
symptomatic subjects are studied, respectively. 
However, a screening population can vary by age, 
individual risk for breast cancer, and individual 
breast tissue composition. Assessment is a vast 

field of quite substantially different indications 
for breast imaging, such as nipple discharge or 
retraction, palpable findings, or screening-
detected mammographic abnormalities. 
Evaluating the diagnostic performance of a diag-
nostic test in these different indications will 
likely find highly variable results, as the utilized 
test may be more suited to one setting than to 
another. Finally, when evaluating the diagnostic 
performance of a diagnostic test in empirical 
research, the choice of the reference standard has 
a dramatic influence on the results.

2.4  Impact of the Reference 
Standard on MRI Specificity

In case of a diagnostic test with high sensitivity 
(such as MRI) that practically rules out breast 
cancer in a substantial number of women, patients 
receiving a negative result will be returned to 
screening or to a long-term follow-up. When fol-
low- up examinations are used as a reference stan-
dard, the following principle is applied: The 
absence of any malignant lesions detected at fol-
low- up examinations within a suitable time frame 
(at least 1 year, more often 2 years) can be con-
sidered a demonstration of the true negative result 
of the test. In this context, however, we use also 
the assumption that unchanged findings in the 
considered time frame are an indicator of nega-
tivity (absence of malignant lesions).

Traditionally, histopathology is considered the 
most accurate reference standard for radiological 
examinations. The rationale behind this is that by 
choosing follow-up examinations as a reference 
standard, malignant lesions may be wrongly con-
sidered benign if they do not show a progression 
in the evaluated time frame. This holds particu-
larly true for less aggressive breast lesions as 
happens in the case of microcalcifications associ-
ated with ductal carcinoma in situ that may not 
show a progression in several years, thus leading 
to a potential (although minor) overestimation of 
sensitivity. On the other hand, the selection bias 
by choosing only histopathology as the reference 
standard will lead to an underestimation of speci-
ficity as all true negative cases that do not undergo 
histopathological sampling (and therefore also all 

2 The Mantra about Low Specificity of Breast MRI
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normal breast tissues) will not enter the equation 
for specificity, that is, true negative cases/(true 
negative cases + false-positive cases).

Notably, the use of histopathology as a refer-
ence standard in the absence of any imaging sign 
of pathology cannot be applied in the clinical 
practice on humans with the only exception of 
particular circumstances. This is the case when 
patients with unifocal tumors are treated with 
mastectomy, and the negative predictive value of 
MRI for additional lesions is evaluated using the 
pathology of the entirely excised breast as a ref-
erence standard [12]. In clinical practice, only 
nontrivial benign cases undergo histopathology. 
Simple cases (e.g., newly diagnosed fibroadeno-
mas) undergo only needle biopsy, while complex 
cases (e.g., the abovementioned B3 lesions) 
undergo also surgical removal.

As a consequence, those clinical studies that 
use histopathology as a reference standard (even 
though including histopathology from imaging- 
guided needle sampling) are burdened by a selec-
tion bias that mostly includes nontrivial benign 
cases. Thus, the specificity is underestimated and 
the false-positive rate is overestimated. The only 
way to avoid this bias is a prospective application 
of the test under investigation without further 
case selection despite the focus on a specific clin-
ical indication and ensuring an appropriate refer-
ence standard for all cases. Most studies on breast 
MRI, however, are retrospective and audit the 
performance of breast MRI in clinical practice, 
missing a large fraction of true negative findings. 
On the other hand, studies on the diagnostic per-
formance of mammography have relied on fol-
low- up reference standard as well, thus naturally 
reporting higher specificities. Although the 
described biases are considered textbook knowl-
edge by epidemiologists and statisticians, most 
clinicians, including radiologists, are not com-
pletely aware of the scale of these biases.

For illustration reasons, we took data from a 
theoretical scenario [13] that is shown in Table 2.1 
(raw data) and Fig. 2.1 (test results). This scenario 
includes 1,000 women undergoing a diagnostic 
test. Ninety-five breast cancer patients are cor-
rectly diagnosed, and five are missed. Fifty of 900 
healthy individuals are biopsied due to a positive 
test result, while 50 are biopsied due to other rea-
sons (e.g., complex cases with discrepant findings 
between different tests). The remaining 800 
women are controlled by follow-up examinations. 
These examinations identify all five patients in 
which breast cancer was missed and prove stabil-
ity in the remaining 795 women (see Table 2.1). 
The resulting diagnostic parameters (sensitiv-
ity  =  true positives/(true positives + false nega-
tives); specificity = true negatives/(true negatives + 
false positives)) are given in Fig. 2.1 and illustrate 
the minor overestimation of sensitivity coupled 
with a major underestimation of specificity when 
using only histopathology as the reference stan-
dard (referred to as reference standard 1) com-
pared to a combined reference standard composed 
of both histopathology and follow-up examina-
tions (referred to as reference standard 2).

The example and its illustration of the poten-
tial biases allow for a better understanding of the 
differences between the results of sensitivity and 
specificity reported by Harms and coworkers [10] 
versus those reported by Kaiser [11]: In fact, 
Harms and coworkers used reference standard 1, 
while Kaiser used reference standard 2 
(Table 2.2). The results are conceivable keeping 
in mind the theoretical example: a much higher 
specificity obtained by Kaiser as compared to 
Harms. Though the first impression may be an 
exaggerated diagnostic performance reported by 
Kaiser, the comparison with the theoretical data-
set demonstrates that the results of both reports 
fall well within the expected values. For further 
illustration, we have “zero-filled” the true nega-

Table 2.1 Contingency 
tables of theoretical test 
results compared with two 
reference standards

Only histopathology+ Only histopathology− All cases+ All cases−
Test+ 95 50 95 50
Test− 0 50 5 850

All cases, reference standard composed of histopathology when available and nega-
tive follow-up for patients who did not undergo any needle biopsy or surgery
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tive cases in the Harms’ data to simulate the con-
ditions of a reference standard 2 applied to their 
population. As expected, the results would fall 
well within the range of Kaiser under these con-
ditions (see Fig. 2.1).

In addition, any given diagnostic parameter 
put outside a proper context cannot be properly 
interpreted. In other words, reporting the speci-
ficity of a test such as breast MRI without dem-
onstrating its superiority or inferiority to 
alternative tests (in this case, typically, mammog-
raphy) is meaningless due to a lack of data for 
comparison. Intraindividual comparison studies 
both in the high-risk screening and assessment 
setting employing reference standard 2 have 
shown significantly higher sensitivities and com-
parably similar specificities for breast MRI as 
matched to conventional imaging [14, 15].

2.5  Indications for Breast MRI 
and Diagnostic Performance

As stated above, the accuracy of a diagnostic test 
may vary according to its appropriateness to 
resolve a given clinical question. This may have 
two reasons: First, the underlying prevalence of 
malignancy may vary according to the indication, 
and second, the general ability of the diagnostic 
test selected to diagnose disease may be preferred 
under specific conditions. In general, the com-
parative evidence regarding this topic is sparse, 
and this sparse data distribution has been consid-
ered to explain the variability of results among 
different breast MRI studies [16]. For breast 
MRI, it has been shown that its diagnostic perfor-
mance depends on whether lesions are associated 
with mammographically visible microcalcifica-

Sensitivity (%) Specificity (%)

70 75 80 85 90 95 100 20 40 60 80 1000

Theoretical data (SOR: H)

Theoretical data (SOR: H&FU)

Harms et al. 1993 (SOR: H)

Harms et al. (SOR: H&FU)*

Kaiser 1994 (SOR: H&FU)

100

98.1

93.6

93.6

95

50

94.4

96

37

96.5

Fig. 2.1 Forest plot of test results (rhombus) taken from 
Tables 2.1 and 2.2 with the respective 95% confidence 
intervals (error bars). ∗Results from Harms et  al. [10] 

extrapolated to simulate results if also follow-up examina-
tions would be considered (see Table 2.2). SOR, standard 
of reference; H, histopathology; FU, follow-up

Table 2.2 Contingency tables 
of actual test results as given in 
references [10, 11]

Harms et al. [10] Kaiser [11]

Histopathology+ Histopathology− All cases+ All cases−
Test+ 44 17 203 47
Test− 3 10a 4 1,799

All cases, reference standard composed of histopathology when available and nega-
tive follow-up for patients who did not undergo any needle biopsy or surgery.
aTo simulate a similar population as found in Kaiser [11], this number is raised to 404 
for calculation of diagnostic parameters as indicated by the asterisk (∗) in Fig. 2.1
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tions or not. Breast MRI performs better under 
the latter condition and may not be suited to diag-
nose breast cancer in BI-RADS 3 microcalcifica-
tions [16, 17].

2.6  Technical Equipment 
and Examination Protocols

It is conceivable that improvements in technical 
equipment, leading to better contrasted images 
with a higher spatial resolution, will lead to better 
diagnostic results. Since the introduction of 
dynamic contrast-enhanced breast MRI, several 
improvements such as dedicated multichannel 
coils and higher field strengths have been 
 introduced. While per se advocated as improve-
ments in diagnostic performance, the clear major-
ity of research papers did not investigate a 
diagnostic benefit compared to standard proce-
dures applying an intraindividual approach. 
Thus, a meta- analysis investigating the relation 
between variation of the diagnostic performance 

of breast MRI and technical characteristics of 
MRI examination performed did not find any sig-
nificant associations but hinted at insufficient 
reporting quality on technical factors in the inves-
tigated primary literature, precluding any in-
depth analysis [18]. More recent meta-analyses 
investigating the publication date as a proxy of 
technical progress were also unable to demon-
strate any significant effect on either sensitivity 
or specificity [16, 17]. Thus, although modern 
equipment provides superior image quality 
(Fig. 2.2), a positive influence on specificity has 
not been proven yet.

There is one exception. Since the introduction 
of MRI sequences allowing for diffusion- 
weighted imaging (DWI), this technique has 
found widespread application as an adjunct to 
standard breast MRI protocols. A number of 
research studies consistently demonstrated that 
the addition of quantitative diffusivity data 
obtained by DWI can improve the specificity of 
breast MRI [16–22]. Although not yet officially 
recommended as an integral part of standard pro-

a b

Fig. 2.2 Example of two subsequent breast MRI exam-
inations in a 57-year-old woman 6 months apart. The 
first examination was performed at 1.5 T using a four-
channel coil and a 2D dynamic gradient echo sequence 
(a). A slow and persistent enhancing incidental lesion of 
6  mm with indistinct morphology (white arrow) was 
identified by the reader and rated BI-RADS 3. Follow-up 
MRI was initiated. The follow-up examination (b) was 
performed on the same 1.5 T scanner but using a newer 

16-channel coil and a 3D gradient echo sequence. Albeit 
some differences in positioning, the lesion (white 
arrow) and the nearby vessel can be easily recognized. 
The higher signal-to- noise and spatial resolution are 
evident, allowing to characterize the lesion as a circum-
scribed oval mass lesion with persistent enhancement. It 
was downgraded to BI-RADS 2, identified by second-
look US, and demonstrated US and MRI stability over 
the next 4 years
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tocols [23, 24], DWI can clearly be suggested to 
reduce the number of false-positive findings 
(Fig. 2.3). It remains unclear, however, to which 
extent the selection bias of histologically verified 
patient groups (reference standard 1) has led to 
an overestimation of the impact of DWI on breast 
MRI specificity.

Finally, we should consider that also the type 
and dose of contrast material utilized for breast 
MRI can impact on the diagnostic performance. 
This topic will be treated in the Chap. 5 of this 
book.

2.7  Reading of Breast MRI 
and Reader Experience

Besides the technical adequacy and quality of 
imaging protocols, the person interpreting the 
test result is a variable factor influencing diag-
nostic performance. As explained in the 
Introduction to this chapter, breast MRI enables 
the visualization of increased tissue vasculariza-
tion, microvascular permeability, and volume of 
the interstitial space. Depending on the popula-
tion under investigation, the proportion of posi-
tive examinations and the ratio between benign 

and malignant lesions can be highly different. In 
particular, the number of benign lesions can 
range from substantial to overwhelming in the 
reader’s perception.

Many diagnostic criteria to distinguish benign 
from malignant lesions have been described in 
breast MRI, the largest collection of which was 
published in a dedicated book by Werner 
A. Kaiser [1]. The challenge to apply these crite-
ria lies in the semantic nature of the majority of 
diagnostic features. A precise and comprehensi-
ble definition of each criterion needs to be pro-
vided. This was tried by the BI-RADS committee, 
and the resulting lexicon is a great help for com-
munication of clinical and research findings 
between international institutions [25]. It is there-
fore not surprising that the BI-RADS lexicon 
found widespread acceptance and subsequent 
worldwide application. However, early limita-
tions that were even present in the initial assess-
ment of the BI-RADS lexicon by its creators 
included high inter-reader variation and a redun-
dancy of diagnostic information contained within 
the features used to describe enhancing lesions 
[26, 27]. While the BI-RADS lexicon allowed the 
identification of problematic subgroups by distin-
guishing benign from malignant enhancing 

a b

Fig. 2.3 Example of an incidental lesion in a 44-year-old 
woman. A 7 mm mass lesion with plateau enhancement 
curve-type and rather circumscribed margins was identi-
fied on early contrast-enhanced T1-weighted subtracted 
images (a). The apparent diffusion coefficient (ADC) map 

obtained by DWI clearly showed a highly hyperintense 
correlate. Quantitative ADC was measured as 
2.3 × 10−3 mm2/s, corresponding to a benign finding (b). 
Consequently, the lesion was rated BI-RADS 2 and dem-
onstrated long-term stability over 5 years
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lesions, namely, non-mass enhancements, research-
ers demonstrated that the lower diagnostic per-
formance was mainly due to the limited diagnostic 
information defined for these lesions within the 
BI-RADS features [28–30].

In this context, we can understand how the 
reader experience affects both sensitivity and 
specificity of breast MRI [31]. Of note, readers 
with intermediate and high experience levels 
showed comparable performance, a finding that 
stresses that breast MRI is not a tool restricted 
only to highly experienced readers due to its 
complexity [31]. One approach to reduce the 
inter-reader variability is to enforce clinical deci-
sion rules. Such algorithms lead to a diagnostic 
category by incorporating several criteria [32]. 
Several clinical decision rules have been pro-
posed by researchers, some based on empirical 
reasoning and some on data-mining approaches 
[21, 33–36]. One of these algorithms demon-
strated improved inter- reader agreement in a 
multiple reader validation study as compared to 
BI-RADS interpretation and was able to increase 
reader specificity to that of a highly experienced 
reader [37]. In addition, the same algorithm was 
shown to possibly decrease unnecessary biopsies 
of lesions detected by MRI only, thanks to appli-
cable rule-out thresholds corresponding to diag-
nostic feature combinations that exclude 
malignancy [38]. Currently, however, no clinical 
decision rule has been fully adopted into standard 
reporting of breast MRI in clinical practice, and 
this still remains a research area of great interest. 
As already happened in the last decades for inter-
preting mammography and breast US, the major-
ity of breast radiologists will base improvements 
of breast MRI interpretation on refinements con-
tained in future editions of the BI-RADS.

2.8  Political Aspects 
in Interpreting Empirical 
Evidence

A well-known phenomenon in scientific 
research is publication bias. It is usually con-
nected to outcome or content of a study influ-
encing its probability to get published or 

referenced [39]. This bias usually affects studies 
presenting statistically significant results as 
compared to those without significant results. 
One of the risks for such bias to occur is preju-
dice, for instance, due to financial interests [40]. 
Here, we refer in particular to the probability to 
get referenced.

The two studies compared in detail above [10, 
11] were published more than 20 years ago (in 
1993 and in 1994). On the one hand, the highly 
positive results by Kaiser who had at that time an 
exceptionally high case number and breast MRI 
experience have been cited 79 times till today. On 
the other hand, the small study by Harms and 
coworkers, practically reporting on their very 
first steps in a new method resulting in a specific-
ity well below 50% in a more than tenfold smaller 
patient population, has hence been cited 883 
times [41]. Even considering a superior distribu-
tion of the journal Radiology, this discrepancy in 
the number of citations is disproportionately 
high.

We can see here a publication bias (in terms of 
probability to get referenced). Many factors 
could have contributed to this. First is the above-
mentioned context of evolving screening pro-
grams based on mammography and the efforts 
for establishing quality assurance program for 
this widespread technology. The community of 
breast radiologists did not have comparable 
access to (and thus experience in) breast MRI as 
compared to both mammography and US. This is 
still an issue today. The breast radiologists com-
munity has more quickly embraced techniques 
that easily fit in with any mammography depart-
ment such as digital mammography and digital 
breast tomosynthesis as compared to breast MRI 
[42]. Also, contrast-enhanced mammography 
will probably exploit this competitive advantage 
in the next future. Second, the high sensitivity of 
MRI gave radiologists a potential relevant role in 
the preoperative setting for treatment planning. 
This trend was counteracted, more or less con-
sciously, by balancing the high sensitivity with 
the mantra highlighting the assumed low speci-
ficity of MRI. In fact, the logical consequence of 
MRI preoperative false positives (especially 
before the introduction of devices for MRI- 
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guided breast interventions) was unnecessary 
surgery, that is, overtreatment. The 37% specific-
ity has been used frequently to show that results 
of breast MRI in terms of specificity were highly 
variable, from 37% to over 90%. What remained 
from this message was that breast MRI could 
have a specificity as low as 37%. But this was 
only an extremely low value, of which we have 
explained the reasons.

2.9  Reduction of False-Positive 
Findings

As explained in previous sections, the assump-
tion of breast MRI being associated with a low 
specificity is not correct. Is this also true for the 
statement of “MRI being rather a problem maker 
than a problem solver”? Although the specificity 
of MRI may be equal to that of conventional 
mammography, the inherent higher sensitivity of 
breast MRI will lead to the detection of addi-
tional lesions. However, breast MRI may rule out 
malignancy in the majority of mammography-
detected lesions, as highlighted by the literature 
[16]. Anyway, the application of an additional 
test can lead to false-positive results caused by 
this test. False-positive findings ultimately result 
in unnecessary biopsies that are cost intensive if 
MRI-guided biopsies are performed. Approaches 
to reduce MRI-guided biopsies include clinical 
decision rules [38], improved and new MRI tech-
niques such as increased spatial and temporal 
resolution dynamic contrast- enhanced MRI, 
computer-aided diagnosis [43], DWI [19–22], 
and targeted (second-look) US [44].

2.10  Conclusions 
and Perspectives

The specificity of breast MRI is not low. We have 
analyzed reasons for this false assumption and 
demonstrated a variety of methodological, psy-
chological, and political reasons that have led to 
the mantra affirming a low specificity of breast 
MRI.  Although breast MRI may downgrade 
some or most false-positive findings caused by 

conventional imaging, it will also cause addi-
tional false-positive findings.

Strategies to improve the classification of 
MRI-detected lesions into benign and malignant 
include clinical decision rules and improved and 
new MRI techniques, as explained above. In par-
ticular, DWI is the most promising approach, 
although not specifically tested in the high-risk 
screening setting, a research topic to be explored 
by future projects. Targeted US allows for fast 
and cheap procedures. At the end, if a suspicious 
lesion is only visible on MRI, MRI-guided 
vacuum- assisted biopsy remains the method of 
choice.

All in all, the mantra of low specificity of 
breast MRI is progressively fading. The breast 
cancer medical community has learned and is 
still learning about the real diagnostic perfor-
mance of breast MRI.  However, radiologists 
should not give up to teach their colleagues what 
is true and what is false.
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Abbreviations

AT Ataxia-telangiectasia
ATM Ataxia-telangiectasia mutated
CHK2 Checkpoint kinase
CS Cowden syndrome
DNA Deoxyribonucleic acid
GWAS Genome-wide association studies
LFS Li-Fraumeni syndrome
NF1 Neurofibromatosis type 1
NGS Next-generation sequencing
PARPi Poly-ADP ribose inhibitors
PJS Peutz-Jeghers syndrome
SNPs Single nucleotide polymorphisms
TNBC Triple negative breast cancer
VUS Variants of uncertain clinical significance

3.1  Introduction: Hereditary 
and Familial Breast Cancer

Female breast cancer is the most common 
malignancy in most countries: over 450,000 
new yearly diagnoses are registered in Europe 

and more than 1 million worldwide [1]. In 
developed countries, it is estimated that one in 
9–12 women will develop breast cancer during 
the lifetime [2].

As for any type of cancer, breast cancer is con-
sidered a genetic disease, as it is initiated and 
driven by accumulation of acquired defects in a 
cell’s deoxyribonucleic acid (DNA). These 
defects typically confer to the transformed cell 
the ability to divide uncontrollably by altering the 
function of genes involved in the maintenance of 
the physiological tissue homeostasis [3]. 
However, in the majority of cases, its develop-
ment is mainly driven by the influence of envi-
ronmental, lifestyle or stochastic factors, whereas 
only in a minor subset of women inherited consti-
tutional genetic defects represent the main deter-
minant of the disease.

Nevertheless, a positive family history for 
breast cancer is observed in a considerable pro-
portion of affected women, and studies on twin 
siblings estimated that a genetic component 
underlies about 25–30% of cases [1, 4–6].

Owing to the growing number of studies, 
which demonstrated an increased breast cancer 
risk among close relatives of affected individuals, 
family history is now considered the most 
 important risk-modifying factor [5, 7, 8]. In 
recent years, it was observed that, on average, the 
risk of developing the disease is nearly doubled 
by the presence of breast cancer in first-degree 
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relatives, with a further increase determined by 
additional affected relatives with earlier age at 
diagnosis [8, 9].

The molecular basis of this genetic predispo-
sition in most cases is not yet characterised, 
though it has become clear that this type of sus-
ceptibility is extremely complex, with the cancer 
risk determined by rare variants in high- 
penetrance genes (conferring a high probability 
of cancer development), but also variants in mod-
erate-/variable-penetrance genes and common 
variants which have a slight and less estimable 
effect.

Since genetic factors are recognised as major 
determinants of increased breast cancer risk, 
extensive searches for genes underlying this sus-
ceptibility have been undertaken. According to 
the level of breast cancer risk conferred and the 
prevalence of each disease-causing variant in the 
population, all susceptibility genes identified to 
date have been divided into three main risk 
classes: high-, moderate- and low-penetrance 
genes. The level of penetrance describes the like-

lihood that a carrier of a particular genetic variant 
will develop the disease as a result of the pres-
ence of the variant. Pathogenic variants (com-
monly referred to as mutations) in high-penetrance 
genes, such as BRCA1 and BRCA2, confer a risk 
increase of more than fourfold and up to 10- to 
20-fold compared with non-carriers, correspond-
ing to a 40–80% lifetime risk. Moderate- 
penetrance genes confer a two- to threefold 
increased risk, which corresponds to a lifetime 
risk of 20–36%, whereas all the low-penetrance 
variants identified to date are associated with a 
relative risk of less than 1.3-fold [10].

Breast cancers with a genetic susceptibility 
component are traditionally classified as either 
hereditary or familial, overall comprising 25–30% 
of cases (Fig.  3.1). The high-risk class, which 
includes known cancer hereditary predisposition 
syndromes, accounts for 5–10% of breast cancers. 
It is usually characterised by pathogenic variants 
in high-penetrance genes with a dominant inheri-
tance pattern (i.e., vertical transmission through a 
parent), earlier age of onset, bilateral/multifocal 

Low-penetrance
genes / polygenic

inheritance
(10–15%)

Moderate-
penetrance genes

(5–10%)

High-penetrance
genes
(5–6%)

Sporadic Breast
Cancer (70–75%)

Fig. 3.1 Overall 
distribution of breast 
cancer cases according 
to genetic susceptibility. 
Cases with a relevant 
genetic component are 
characterised by the 
involvement of genes 
conferring high, 
moderate or above 
average risk of 
developing the disease. 
The percentages shown 
are approximated, as 
these categories might 
partly overlap, and 
several susceptibility 
genes and variants are 
yet to be characterised. 
Moreover, the frequency 
of hereditary breast 
cancer cases may differ 
in specific ethnic groups
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cancers or multiple primary cancers in a single 
individual and increased risk for other types of 
tumours [7, 11, 12].

Conversely, familial breast cancer is a less 
defined type, characterised by a recurrence of the 
same tumour in multiple relatives, with variable 
age of onset in the absence of other typical fea-
tures of hereditary cancer syndromes. Familial 
breast cancer, accounting for 20–25% of cases, 
albeit being more common than hereditary can-
cers, has a much less characterised molecular 
basis. In most of these families, the increased 
susceptibility might be explained by rare variants 
in lower-penetrance genes, on which available 
information is still limited, or multiple common 
variants each slightly increasing the risk (com-
mon genetic background). In some families, 
familial aggregation of breast cancers may also 
be due to common environmental and/or lifestyle 
factors or even to chance clustering of sporadic 
cases.

The aim of this chapter is to provide an over-
view of the known and emerging genetic factors 
driving breast cancer development, along with 
current evidence on how they modify the risk 
for breast cancer and guide the access to addi-
tional screening/surveillance and preventative 
strategies.

3.2  High-Penetrance Genes

Mutations in high-penetrance genes are generally 
rare but confer a risk higher than fourfold of 
developing breast cancer. Most of these genes 
take part in ubiquitous DNA repair pathways and, 
if altered, may also increase the risk of other 
types of cancer. A summary of high-penetrance 
genes and the respective risk estimates is pro-
vided in Table 3.1.

Variants associated with breast cancer risk 
are typically mono-allelic and inherited in an 
autosomal dominant fashion. Bi-allelic muta-
tions in BRCA1, BRCA2 and PALB2 cause a 
recessive syndrome in the spectrum of the 
Fanconi  anaemia (OMIM #610832), character-
ised by chromosomal instability and variable 
clinical features including bone marrow failure, 

congenital malformations, predisposition to 
acute myeloid leukaemia and other solid 
tumours [52].

3.2.1  BRCA1 and BRCA2

BRCA1 and BRCA2 were the first genes to be 
associated with hereditary breast and ovarian 
cancer [53, 54]. These early studies, which 
exploited linkage analysis and positional cloning, 
finally uncovered the pathogenetic cause under-
lying a relevant fraction of families with heredi-
tary breast and ovarian cancers, thus making 
predictive genetic testing feasible.

The proteins encoded by these genes are 
involved in the double-strand breaks repair and 
homologous recombination mechanisms, even if 
with distinct roles. BRCA1 is a nuclear phospho-
protein that combines with other DNA damage 
sensors and signal transducers to form a multi-
protein complex known as the BRCA1-associated 
genome surveillance complex (BASC), involved 
in several mechanisms safeguarding genome sta-
bility [55]. BRCA2 binds and recruits RAD51 
onto single-strand DNA breaks where it takes 
part to the homologous recombination repair 
mechanism [56]. The link between BRCA1 and 
BRCA2 pathways is provided by PALB2, that 
directly binds to BRCA1 and is recruited to dam-
aged DNA, where it stabilises the BRCA2- 
RAD51 complex [57]. BRCA1 may thus function 
as a regulatory platform for sensing DNA breaks 
and defining the repair pathway to be activated, 
while BRCA2 actively participates in homolo-
gous recombination repair.

Mutations in BRCA1 and BRCA2 account for 
about 3% of all breast cancers [58]. The fre-
quency of pathogenic mutations is variable 
among different populations: founder variants 
have been mainly reported in Ashkenazi Jews but 
are also described in other ethnic groups [59–69]. 
BRCA1 and BRCA2 mutations are typically 
observed in families with clustering of breast 
and/or ovarian cancers with early onset of the dis-
eases, though in most of these families (~70%), 
pathogenic variants in the BRCA genes are not 
observed [70–72].
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Table 3.1 Genes with high- or moderate-penetrance for breast cancer and their respective cumulative lifetime risks. 
Information on other associated tumours is also provided

Gene
Magnitude of risk 
(high/moderate)

Lifetime breast 
cancer risk Other associated cancers References

BRCA1 High 40–90% Ovarian, fallopian tubal, primary 
peritoneal

Antoniou et al. [13]
King et al. [14]
Lee et al. [15]
Chen and Parmigiani [16]
Mavaddat et al. [17]
Berrino et al. [18]

BRCA2 High 40–90% Ovarian, fallopian tubal, primary 
peritoneal

Antoniou et al. [13]
King et al. [14]
Lee et al. [15]
Chen and Parmigiani [16]
Mavaddat et al. [17]
Berrino et al. [18]

TP53 High 50–80%a Soft tissue sarcomas, brain 
tumours, osteosarcomas, 
leukaemias, adrenocortical 
carcinomas

Hisada et al. [19]
Hwang et al. [20]
Lustbader et al. [21]
Wu et al. [22]
Li et al. [23]
Bougeard et al. [24]

PTEN High 25–85%b Thyroid, renal, endometrial Bubien et al. [25]
Tan et al. [26]
Pilarski et al. [27]
Nieuwenhuis et al. [28]
Nelen et al. [29]
Ngeow et al. [30]

STK11 High 32–54%c Gastrointestinal, pancreatic, 
endometrial, ovarian sex cord-
stromal tumours

Hearle et al. [31]
Tchekmedyian et al. [32]

CDH1 High 42–53% Diffuse gastric cancer Pharoah et al. [33]
Hansford et al. [34]

PALB2 Probably high 35–58% NA Antoniou et al. [35]
Heikkinen et al. [36]
Rahman et al. [37]
Erkko et al. [38]
Easton et al. [39]

CHEK2 Moderate 29–37%d NA Meijers-Heijboer et al. [40]
Weischer et al. [41]
Cybulski et al. [42]

NF1 Moderate d Malignant tumours of the 
peripheral nerve sheath, central 
nervous system

Sharif et al. [43]
Madanikia et al. [44]
Seminog and Goldacre [45]
Da Silva et al. [46]

ATM Moderate d NA Renwick et al. [47]
Pylkas et al. [48]
Bogdanova et al. [49]
van OS et al. [50]

NBN Moderate d NA Zhang et al. [51]

NA not available
aMost published estimates are subject to ascertainment bias
bRisk estimates reported by studies based on selected families with Cowden or other PTEN-related syndromes, possibly 
resulting in overestimation of risk
cPossible overestimation of risk in families at high risk for breast cancer; these data include also Peutz-Jeghers syn-
drome families with no STK11 variants identified
dAvailable data suggest a relative risk (RR) for breast cancer between two and three for genetic variants in CHEK2, NF1, 
ATM and NBN [39], although reliable risk estimates for moderate-penetrance genes are currently limited
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In BRCA1 and BRCA2 mutation carriers, the 
average cumulative lifetime risk for breast cancer 
is estimated to be about 60%, but might be as low 
as 40% in consecutive breast cancer series or as 
high as 80–90% in families selected for highly 
significant family history, with the greatest inci-
dence recorded between 30 and 60 years of age 
[13–18]. Moreover, a difference in cancer risks 
was reported according to the birth cohort, with 
the risk being higher in carriers born after 1940 
compared with those born before [13, 14, 18].

The risk of contralateral breast cancer, which 
appears to be influenced by several factors, 
including the age of onset of primary breast can-
cer and the use of adjuvant therapies, is estimated 
at about 35–60% at 20 years following the first 
diagnosis, equivalent to 2–3% cumulative risk 
per year [73].

The most common cancer morphology observed 
in carriers is the ductal type (~80%), though lobu-
lar, medullary and other types may be observed 
[74]. Several studies on the histopathological fea-
tures of breast tumours in BRCA mutation carriers 
highlighted an association between triple negative 
breast cancers (TNBCs) and BRCA1 mutations. 
Notably, over 60% of BRCA1-related breast can-
cers display a TNBC phenotype, and BRCA1 
pathogenic variants have been identified in about 
10% of unselected TNBC [74–77]. Conversely, the 
breast tumour phenotype of BRCA2 mutation carri-
ers is less distinctive than BRCA1, with most cases 
being hormone receptor positive [76].

Due to the altered homologous recombina-
tion machinery in BRCA-deficient cancer cells, 
several phase II trials of novel therapies target-
ing homologous recombination defects, such as 
poly-ADP ribose inhibitors (PARPi), have been 
conducted in breast cancer patients that harbour 
BRCA mutations [78–80]. Although a response 
was observed in BRCA-mutated cancers, these 
therapies have not shown to be active in spo-
radic TNBC, and definite data from ongoing 
phase III clinical trials are required to determine 
the actual benefits of PARPi in the adjuvant and 
neoadjuvant treatment of BRCA-related breast 
cancers [81].

The risk of adnexal tumours, in BRCA muta-
tion carriers, typically increases starting from 35 

to 40  years of age, being estimated to be about 
40–60% for BRCA1 and 10–20% for BRCA2 by 
the age of 70 years [13, 16–18]. The spectrum of 
gynaecological tumours associated with BRCA 
mutations includes ovarian, fallopian tube and 
primary peritoneal cancers. Ovarian tumours are 
usually high-grade serous epithelial carcinomas 
but may also display an endometrioid or clear- cell 
histology. Conversely, mucinous and borderline 
tumours are usually not observed [74, 82, 83].

In families with BRCA1 and BRCA2 patho-
genic variants, an increased risk for breast cancer 
is also observed in males, particularly in BRCA2 
mutation carriers, for whom a 5–10% lifetime 
risk has been recorded [84].

Several studies highlighted a potential 
increased risk of cancer other than breast and 
ovarian in BRCA1 and BRCA2 mutation carriers, 
in particular colorectal, pancreatic and prostate 
cancers. These findings have not been confirmed 
in all the examined cohorts of carriers, and the 
extent of such risks is yet to be defined [85–89]. 
Thus, with respect to non-breast or ovarian can-
cers, family history is currently regarded as the 
main driver to offer specific surveillance to these 
individuals.

BRCA1 and BRCA2 high-risk variants, which 
include point mutations but also large rearrange-
ments (6–10% of all mutations) [71], are typi-
cally truncating, although missense variants have 
also been identified in crucial functional domains. 
Of note, not all truncating mutations confer the 
same cancer risk. Particular mutations in BRCA1 
and BRCA2 are associated with a relative risk of 
breast cancer substantially lower (about 1.4) than 
other truncating mutations, suggesting that, even 
if BRCA1 and BRCA2 are considered high- 
penetrance genes, cancer risk is variant-specific 
[90, 91].

3.2.2  TP53

TP53 is one of the major caretakers of the genome 
by controlling gene transcription to induce cell 
cycle arrest, DNA repair, apoptosis and senes-
cence in response to DNA damage [92]. Germline 
missense and truncating mutations in TP53 have 
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been associated to the autosomal dominant 
Li-Fraumeni syndrome (LFS; OMIM #151623) 
[93]. Although disrupting variants of this gene 
were considered to be very rare, recent data sug-
gest an actual prevalence as high as 1:5,000–
1:20,000 [94, 95]. The LFS is characterised by 
genome instability and tumour predisposition, 
including breast cancer, soft tissue sarcomas, 
brain tumours, osteosarcomas, leukaemias and 
adrenocortical carcinomas, typically developing 
before the age of 45  years [23, 24]. Carriers of 
TP53 mutations display a risk of cancer of about 
50% by the age of 30 years and about 90% by the 
age of 60 years, although males have significantly 
lower lifetime risks than females [21, 22]. In fact, 
female breast cancer represents the most frequent 
tumour observed in LFS, affecting up to 80% of 
all female carriers [24]. The early age at diagnosis 
is an important indicator of TP53 mutations, as 
about 3–8% women diagnosed with sporadic 
breast cancer before the age of 31 years have been 
found to be TP53 mutation carriers [24, 96–98].

With respect to the tumour characteristics, 
breast cancers in LFS patients are usually oestro-
gen receptor (ER) negative, progesterone recep-
tor (PgR) negative, and/or HER-2-positive ductal 
carcinomas [99–101].

Concerns about the increased risk of radiation- 
induced second primary breast cancers in these 
patients have elicited recommendations for com-
plete mastectomy instead of lumpectomy followed 
by radiotherapy [24, 102, 103]. Nevertheless, most 
experts recommend that a careful evaluation of 
risks and benefits should be undertaken, and the 
treatment efficacy should be prioritised above the 
risk of potential late effects.

3.2.3  PTEN

The PTEN gene encodes for a phosphatase that 
antagonises the PI3K-AKT/PKB signalling 
pathway by dephosphorylating phosphoinositi-
des and thereby modulating cell cycle progres-
sion and cell survival. Heterozygous germline 
mutations in PTEN are associated to the Cowden 
syndrome (CS; OMIM #158350), a rare autoso-

mal dominant condition (prevalence ~1:200,000) 
characterised by macrocephaly; thyroid abnor-
malities; dermatological lesions, in particular 
hamartomas, papillomas and trichilemmomas; 
presence of Lhermitte-Duclos disease; and an 
increased risk of developing cancers, including 
breast, thyroid, renal and endometrial [29, 30]. 
More than 90% of individuals show some clini-
cal manifestation by the age of 20–30  years 
[104–106].

Reliable estimates of breast cancer risk are 
lacking, but the lifetime risk for CS-affected 
women is estimated to be at least 25–50% with 
an average age at diagnosis of 38–50 years [27]. 
However, other studies reported a higher lifetime 
risk, estimated at 67–85% [26, 28].

3.2.4  STK11

STK11 (also known as LKB1) is a serine- 
threonine kinase that takes part in cell metabo-
lism, polarity, apoptosis and DNA damage 
response by promoting the activity of AMP- 
activated protein kinases. As a caretaker of the 
genome, STK11 is involved in the TP53- 
dependent apoptosis pathway and in the UV 
radiation- induced DNA damage response medi-
ated by CDKN1A. Mutations in STK11 result in 
the Peutz-Jeghers syndrome (PJS; OMIM 
#175200), a rare autosomal dominant condition 
(prevalence between 1:25,000 and 1:280,000) 
characterised by hamartomatous gastrointestinal 
polyps, mucocutaneous pigmentation and multi-
ple cancers predisposition, including colorectal, 
gastric, pancreatic, breast, uterus and ovarian 
cancers [32, 107]. The lifetime risk for breast 
cancer, which is mainly of the ductal type, is of 
about 32–54%, with only few cases diagnosed 
before the age of 50 [31]. With respect to ovarian 
cancer, unlike BRCA mutation carriers, females 
with PJS are at increased risk for ovarian sex cord 
tumours with annular tubules (SCTATs) and 
mucinous tumours of the ovaries and fallopian 
tubes. Males occasionally develop large cell cal-
cifying Sertoli cell tumours (LCST) of the testes 
derived from sperm cord cells [108].
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3.2.5  CDH1

CDH1 belongs to the cadherin family, a well- 
known group of calcium-dependent cell adhesion 
proteins. CDH1 is involved in cell-cell adhesion, 
motility and proliferation of epithelial cells, and 
thus CDH1 loss of function is believed to contrib-
ute to cancer progression by increasing prolifera-
tion, invasion and metastasis [109]. Germline 
CDH1 mutations are associated with the autoso-
mal dominant hereditary diffuse gastric cancer 
syndrome (HDGC; OMIM #137215), character-
ised by the development of diffuse gastric cancer 
(also called signet ring cell gastric cancer), and 
lobular breast cancer. The estimated risk for gas-
tric cancer by the age of 80 years is estimated at 
67% for men and at 83% for women [33]. The 
lifetime risk of developing lobular breast cancer, 
in CDH1-mutated women, ranges between 42% 
and 53%, with an average age at diagnosis of 
53 years [34].

3.2.6  PALB2

PALB2 is the essential partner and localiser of 
BRCA2 and acts as a bridging factor between 
BRCA1 and BRCA2, synergising their genome 
caretaker activities [110]. Mono-allelic muta-
tions in PALB2 have been associated to a high-to- 
moderate risk of cancer, but the extent of such 
risk is only partially defined. A large family-
based study has recently estimated that PALB2 
mutation carriers have sixfold (and up to nine-
fold) higher risk of breast cancer compared to 
non-carriers, and the risk is influenced by birth 
cohort and other factors, as observed also in 
BRCA families [35]. In particular, breast cancer 
risk was shown to be eight- to ninefold higher 
among women younger than 40  years, six- to 
eightfold among women aged 40–60  years and 
five times higher for those older than 60  years 
[35]. The observed cumulative risk was 14% by 
the age of 50  years and 35% by the age of 
70 years. Family history appeared to be an impor-
tant risk modifier as the absolute lifetime risk for 
women without family history was 33%, while in 
families with two or more affected relatives, it 

was estimated at 58% [35]. Based on the current 
available data, although PALB2 mutations may 
confer a high risk for female breast cancer, the 
confidence intervals are still too wide to be cer-
tain [39].

Several studies reported PALB2 mutations in 
males affected with breast cancer, providing ini-
tial evidences of an increased breast cancer risk 
also in male carriers [35, 111–113].

3.3  Moderate-/Intermediate- 
Penetrance Genes

Mutations in moderate-penetrance genes have 
been demonstrated to be associated to a two- to 
fourfold breast cancer risk. These genes are cur-
rently included in most next-generation sequenc-
ing (NGS) gene-panel analyses for high-risk 
individuals (NGS technologies allow a faster and 
less expensive parallel analysis of large genomic 
portions within a single DNA sample). A sum-
mary of moderate-penetrance genes and the 
respective risk estimates is provided in Table 3.1.

3.3.1  CHEK2, NF1, ATM and NBN

The CHEK2 gene encodes for the checkpoint 
kinase 2 (CHK2), that controls the activity of 
several downstream effectors including BRCA1 
and p53, in response to DNA damage [114, 115]. 
CHEK2 mutations have been initially hypothe-
sised to underlie LFS or LF-like syndrome, 
although subsequent studies confirmed a moder-
ate risk for breast cancer but ruled out its role as 
a LFS gene [116–123].

The CHEK2 truncating variant c.1100delC 
has been associated to a two- to threefold higher 
risk of breast cancer in women negative for 
BRCA1 and BRCA2 mutations [40, 124, 125]. 
The cumulative risk for carriers ranges between 
29% and 37%, with a 3.5-fold risk of developing 
a contralateral cancer [41, 119]. Moreover, 
c.1100delC-associated breast cancers are typi-
cally of the luminal subtype and ER-negative and 
PgR- positive, suggesting a different impact on 
tumour aetiology compared to BRCA1 mutations 
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[126, 127]. Two further truncating mutations 
(c.444 + 1G>A and del5567), conferring a com-
parable breast cancer risk, have been identified in 
Eastern Europe, while a breast cancer-associated 
missense mutation (p.(I157T)) showed a lower 
penetrance [128–130].

The neurofibromatosis type 1 (NF1; OMIM 
#162200) is an autosomal dominant multisystemic 
disease characterised by a predisposition to both 
benign and malign tumours [131]. Mutations in 
the neurofibromin gene (NF1) were found to be 
causative of NF1 [131], but a link between NF1 
and breast cancer has been only recently evi-
denced. In particular, NF1 mutations were found 
to confer a 2.5- to 3.5-fold increased risk of female 
breast cancer, which becomes particularly signifi-
cant starting from the age of 30 and should be 
taken into account when planning screening pro-
grams in individuals affected with NF1 [43–46].

Another master player of the DNA double- 
strand breaks repair pathway is ATM, which 
encodes for a protein kinase that controls the 
activity of several proteins involved in cell cycle 
progression, apoptosis and DNA damage 
response, comprising BRCA1, BRCA2, TP53 
and CHEK2 [132]. Bi-allelic loss-of-function 
mutations of ATM result in ataxia-telangiectasia 
(AT; OMIM #208900), a condition character-
ised by progressive cerebellar ataxia, oculomo-
tor apraxia,  telangiectasias of the conjunctivae 
and immunodeficiency. Heterozygous ATM 
mutations were found in 0.5–1% of the general 
populations, and carriers of monallelic truncat-
ing mutations were shown to exhibit increased 
sensitivity to ionising radiation and an average 
breast cancer risk about threefold higher than 
non- carriers [47–50]. Moreover, some missense 
variants are reported to act in a dominant nega-
tive manner and confer a higher risk of breast 
cancer even if in the homozygous state, it leads 
to a milder AT phenotype [133].

The NBN protein is a member of the MRE11- 
RAD50- NBS1 (MRN) complex that assembles 
on DNA double-strand breaks favouring ATM 
activation [134]. Homozygous mutations in the 
NBN gene cause the Nijmegen breakage syn-

drome (NBS; OMIM #251260) featured by 
microcephaly, immunodeficiency, growth retar-
dation and cancer predisposition. A unique trun-
cating mutation, c.657_661del, is commonly 
found in Eastern Europe populations: in a meta-
analysis of ten different studies it was clearly 
demonstrated to be associated with a 2.7- fold 
increased risk of breast cancer [51].

3.3.2  Other Genes

Several studies have focussed on the impact of 
genetic variants in other genes, possibly 
involved in breast cancer predisposition. These 
genes include other components of the MRN 
complex, such as RAD50, the BCDX2 complex 
(RAD51B, RAD51C, RAD51D and XRCC2), 
involved in the homologous recombination 
repair; the RecQ- type helicase RECQL; and 
other Fanconi anaemia genes (FANCM, FANCC 
and FANCA) [77, 135–141]. Although these ini-
tial findings are promising, further studies are 
required to provide clear evidence on the asso-
ciation between variants in these genes and 
breast cancer.

Rare variants in high- and moderate- 
penetrance genes account only for a limited 
number of familial and hereditary breast cancer 
cases but do not elucidate the genetic contribu-
tion in a large fraction of familial and in spo-
radic breast cancer development. In the last 
years, sporadic breast cancer has, indeed, 
emerged as a polygenic disease, in which the 
susceptibility derives from the cumulative effect 
of several low-penetrance variants. In this 
regard, genome-wide association studies 
(GWAS) were exploited to uncover significant 
differences in the allelic frequency of single 
nucleotide polymorphisms (SNPs) between 
healthy controls and affected individuals. This 
strategy allowed the identification of over 150 
genomic loci associated with breast cancer, 
shedding light on the pathogenetic mechanism 
of this tumour and uncovering variants with 
potential clinical utility [142].
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3.4  Risk Assessment and Genetic 
Counselling

The incidence of breast cancer is continuously 
increasing, making it the most prevalent cancer in 
all countries with a Western lifestyle. Therefore, 
the development of risk evaluation tools has been 
a compelling need in order to predict which 
women are at higher risk and should be offered 
additional primary and secondary preventive 
options.

Several international scientific societies have 
drawn guidelines in order to identify individuals 
who may benefit from cancer risk assessment and 
genetic counselling, and to guide decisions 
related to genetic testing. The criteria outlined by 
most guidelines derive from a combination of 
features that are considered associated with 
hereditary breast cancers, including:

• Early age at onset
• Multiple affected relatives on the same side of 

the family
• Degree of relationship of affected family 

members
• Other related early-onset tumours
• Bilateral disease
• Biological markers (e.g., TNBC)
• Number of individuals (large families are 

more informative)

Examples of widely used empirical criteria 
are provided in Table 3.2. All individuals/families 
who fulfil these criteria are considered eligible 
for a genetic assessment and should be referred to 
board-certified genetic counsellors.

As an additional tool to predict the risk class 
of an individual, a number of Bayesian models 
have been developed, providing two main types 
of risk assessment. Some models exclusively 
estimate the chances of breast cancer develop-
ment over a given time span. Other models esti-
mate the chances of carrying a pathogenic variant 
in known high-penetrance genes (i.e., BRCA1 
and BRCA2). The former will be further dis-
cussed in Chap. 22. The latter, usually referred to 
as genetic risk prediction models, are based on 
data from large epidemiological studies on the 

empirical cancer risks in both carriers and the 
general population and consider breast and ovar-
ian cancer status, the age of onset, but also the 
current age of all healthy relatives.

Since the offer of genetic testing is usually 
based on a higher a priori probability of being a 
carrier, with a threshold conventionally set at 
10% by the first guidelines by the American 
Society of Clinical Oncology (ASCO) [148], 
the use of these models has been widespread. 
Although the Bayesian models show a good 
 predictive performance, they are not exempt 
from limitations, and their use in clinical prac-
tice should be approached with caution by 
trained healthcare professionals. Moreover, it 
has been underlined that these models could not 
substitute for a proper genetic counselling 
[146].

Genetic counselling is a complex process, 
involving several phases. The proband would 
undergo a formal risk assessment, including a 
detailed family history and collection of clinical 
records of each affected family member. The 
family history evaluation is crucial to assess the 
likelihood that a predisposing gene variant is 
present within a family, since most often no other 
peculiar phenotypic features allow to discrimi-
nate carriers, with the exception of rare cases 
such as Cowden syndrome, Peutz-Jeghers syn-
drome or neurofibromatosis type 1. The pro-
bands’ medical and surgical history should also 
be assessed, and a focussed physical examina-
tion, in selected cases, should be performed in 
order to detect peculiar pathognomonic features. 
Moreover, a thorough genetic counselling should 
also evaluate the probands’ personal needs and 
concerns.

If appropriate, a genetic testing may be offered 
to the family member most likely to be a carrier 
of pathogenic variants (i.e., the youngest affected 
individual), and women should be advised about 
the cancer risks in themselves and in other family 
members.

Upon the proband’s informed consent to 
undergo a genetic analysis, the diagnostic test 
should be performed by laboratories with estab-
lished and certified experience in oncogenetic 
molecular analyses [11, 143, 149, 150].

3 Hereditary Breast Cancer: BRCA and Other Susceptibility Genes



32

Table 3.2 Examples of referral criteria for genetic counselling and BRCA testing in six different countries

GC-HBOC (Kast et al.) [70]
Germany

INT (Azzollini et al.) [72]
Italya

NCCN (guidelines 1.) [11]
USA

1. Family history of BC/OC
Single cases
BC<36 years BC <36 years BC ≤45 years
BBC any age (first ≤50 years) OC <46 years BC ≤50 years with limited FHc

BC + OC any age BBC any age (first <50 years)
BBC <50 years OC any age
Male BC any age Male BC any age

Multiple affected relativesb

1 BC ≤50 years + 1 BC any age 2 BCs <50 years 1 BC ≤50 years + 1 BC any age
1 BC any age + 1 OC cany age 1 BC <50 years + 1 BBC any age 3 BCs any age
2 OCs any age 1 BC <50 years + 1 OC any age
1 male BC + 1 BC or OC any age 1 BC <50 years + 1 male BC any age
3 BCs any age 1 BBC any age + 1 OC any age

1 BBC any age + 1 male BC any age
2 OCs any age
3 BCs any age

2. Hormone receptor status (TNBC)
– 1 TNBC ≤42 years 1 TNBC ≤60 years
3. Ethnicity
BC and Ashkenazi ancestry BC and Ashkenazi ancestry BC and Ashkenazi ancestry

Pancreatic cancer and Ashkenazi 
ancestry

4. Other tumours
– – 1 BC ≤50 years + 1 pancreatic 

cancer any age
1 BC ≤50 years + 1 prostate cancer 
any age (Gleason score ≥7)
1 BC any age + 2 pancreatic or 
prostate cancers (Gleason score ≥7) 
any age
3 relatives with BC, prostate 
(Gleason score ≥7) or pancreatic 
cancer any age

NICE (2013 guidelines) [143]
UK

SEOM (Llort et al.) [144]
Spain

AGO (Marth et al.) [145]
Austria

1. Family history of BC/OC
Single cases
BBC average age <50 years BC <36 years (≤40 years in 

uninformative families)
BC <35 years

BC <50 + OC any age BBC any age (first ≤40 years)
BC risk >8% in the next 10 years or 
>30% lifetime

OC any age (high-grade epithelial 
non-mucinous)

Carrier probability >10% BC + OC any age
Multiple affected relativesb

2 BCs average age <50 years (1st 
degree)

2 BCs <50 years 2 BCs <50 years

3 BCs average age <60 years (at least 
2 1st degree)

1 BC <50 years + 1 BBC any age 1 BC <50 years + 1 OC any age

4 BCs any age (at least 2 1st degree) 1 BC any age + 1 OC any age 2 OCs any age
1 BC <50 years + 1 OC any age 
(1st/2nd degree)

2 Male BCs 1 BC any age + 1 male BC any age
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Table 3.2 (continued)

NICE (2013 guidelines) [143]
UK

SEOM (Llort et al.) [144]
Spain

AGO (Marth et al.) [145]
Austria

2 BCs average age <60 years + 1 OC 
any age (1st/2nd degree)

3 BCs and/or OCs any age 3 BCs <60 years

2 OCs any age (1st/2nd degree?)
1 BBC any age + 1 BC <60 years 
(1st/2nd degree)
1 BC <50 years + 1 male BC any age 
(1st/2nd degree)
2 BCs average age <60 years + 1 
male BC any age (1st/2nd degree)
2. Hormone receptor status (triple negative BC, TNBC)
1 TNBC <40 years 1 TNBC ≤50 years –
3. Ethnicity
BC and Jewish ancestry BC and Jewish ancestry –
4. Other tumours
– – –

BC breast cancer, BBC bilateral breast cancer, OC ovarian cancer, FH family history
aReported criteria refer to those in use at the National Cancer Institute of Milan—Fondazione IRCCS Istituto Nazionale 
dei Tumori, which largely overlap the FONCaM and INTEF guidelines [146, 147].
bINT: 1st-degree relatives; 2nd degree is considered for the paternal side of the family. NCCN: 1st-, 2nd-, 3rd- degree 
relative. CG-HBOC, SEOM, AGO: degree of kinship not specified.
cLimited family history defined by <2 1st-/2nd-degree female relatives surviving beyond 45 years in either side of the 
family

Gene testing analyses of index cases provide 
three possible outcomes:

 1. Identification of pathogenic variants, known 
to be responsible for an increased cancer 
susceptibility

 2. Identification of variants of uncertain clinical 
significance (VUS)

 3. Absence of any variant with an ascertained or 
suspected pathogenic effect

All the identified genetic variants must be cat-
egorised based on a pathogenicity likelihood esti-
mate. This estimate is usually performed using a 
multifactorial likelihood model, as proposed by 
the International Agency for Research on Cancer 
(IARC), with variants being subsequently classi-
fied according to a five-tier scheme (pathogenic, 
likely pathogenic, uncertain, likely neutral or 
neutral) [151, 152]. In order to facilitate the clas-
sification of variants, several data-sharing initia-
tives have been developed, such as the 
Evidence-based Network for the Interpretation of 
Germline Mutant Alleles (ENIGMA) and the 
BRCA Challenge (a joint initiative of the Global 

Alliance for Genomics and Health and the Human 
Variome Project) [153–155].

Due to the still limited knowledge on the 
molecular basis of hereditary breast cancers, 
non- detection of definitely pathogenic variants 
in index cases (i.e., the aforementioned outcomes 
2 and 3) does not rule out an underlying genetic 
susceptibility, possibly caused by other yet 
unidentified genes. Therefore, test results need to 
be accurately interpreted, and the residual risks 
in probands testing negative, or carrying a VUS, 
should be carefully discussed. Moreover, bene-
fits and pitfalls of current surveillance and pre-
ventative options have to be extensively 
explained, taking into account also post-test risk 
estimates. The genetic testing is offered to rela-
tives only if a pathogenic variant is identified in 
the proband, in order to discriminate between 
relatives at higher risk and those with the aver-
age population risk. In order to address all these 
relevant issues and foster a multidisciplinary 
approach in the management of individuals at 
increased genetic risk, counselling should be 
performed both before and after testing [11, 143, 
144, 149, 156].
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In the recent years, NGS technologies have 
been extensively employed in order to identify 
putative disease-associated genes. Multigene 
testing with NGS techniques, which simultane-
ously analyse sets of selected genes, has begun to 
be used in the context of clinical practice in 
oncology. Several studies reported a variable 
increase in the detection rate of pathogenic vari-
ants in clinically actionable genes, leading to rec-
ommendations for further surveillance and 
highlighting the potential of this technology to 
influence clinical management [157–159].

Nevertheless, multigene testing presents sev-
eral issues to be considered before its widespread 
use in diagnostic services. The major concern for 
the routine clinical use of multigene testing is 
that gene panels often include moderate- 
penetrance genes, for which limited data on can-
cer risks are currently available and guidelines 
for an adequate clinical management are lacking 
[11, 160–162]. As a consequence, the communi-
cation of the risks and possible preventive options 
for carriers of such variants is extremely difficult, 
and results might be inconclusive and yet raise 
testing-related anxieties. Moreover, not all genes 
included in multigene panels are necessarily clin-
ically actionable, and the information from test-
ing does not significantly change the risk 
management compared to that based on family 
history alone. Consistently, as demonstrated by a 
recent study on the clinical outcomes of NGS 
panels, the use of multiple-gene sequencing is 
not associated with an increased uptake of pro-
phylactic mastectomy in the United States [163]. 
The study also highlighted that, although the 
detection rate of pathogenic variants compared 
with single-gene testing has improved, multigene 
panels dramatically increase the frequency of 
identified VUS, especially in minorities, adding 
further complexity to the interpretation of results.

In addition, due to their wide range of cus-
tomisation, commercially available NGS gene 
panels present relevant differences in the selec-
tion of genes, experimental methods, variant 
classification and many other factors. It must be 
also considered that some variants, detected by 
conventional single-gene analyses, may be 
missed by NGS techniques [164]. International 

guidelines thus recommend that multigene tests, 
as well as the specific laboratory, should be cho-
sen carefully, on the basis of the phenotype of 
the individuals/families to be tested, offered only 
by professionals with genetic expertise and in 
the context of a genetic counselling [11, 143].

In order to instruct the appropriate clinical 
management, concerning surveillance or other 
preventive options, cancer risks are estimated, 
taking into account the genetic testing results. It 
should be considered, though, that even among 
families with pathogenic variants in the same 
gene, the risk of cancer is considerably variable. 
A higher penetrance is usually observed in carri-
ers with a positive family history, possibly due to 
an underlying polygenic predisposition, multi-
factorial predisposition or both.

In general, both affected and healthy women 
with pathogenic variants in high-penetrance 
genes are considered at high risk for breast 
cancer and are thus offered additional screen-
ing through breast MRI, usually starting from 
25 to 30 years of age [165]. Depending on the 
age of the patient, risk-reducing surgery may 
be also discussed with high-risk women on a 
case-by- case basis, along with the extent of 
cancer risk reduction, the risks associated with 
surgeries and the available reconstructive 
options [166].

For women with pathogenic variants in PALB2 
or moderate-penetrance genes and without a 
 relevant family history of breast cancer, consen-
sus recommendations about the use of MRI and 
risk- reducing surgery are not currently available 
due to the lack of data on important end points, 
including mortality [166].1

Conversely, in families considered at high risk 
based on family history alone, irrespective of the 
identification of genetic variants, breast MRI 
may be indicated, in healthy and affected women, 
and risk-reducing surgery may be discussed with 
women who already developed breast cancer.

Moreover, as the initial risk estimate might be 
modified by additional cancer cases diagnosed in 
a family, re-evaluation of family history over 
time may be necessary.

1 See also Chap. 16.
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Chemopreventive strategies, such as the use of 
tamoxifen for primary prevention, are currently 
under evaluation.2 Although an effect has been 
recorded in carriers of BRCA2 pathogenic vari-
ants, who develop mostly hormone receptor- 
positive breast cancers, conclusive data 
supporting its use in high-risk women are lacking 
[166, 167].

3.5  Conclusions

Breast cancers with a clear genetic component 
represent the minority of all breast cancer cases. 
Nevertheless, the identification of actionable 
genes pointed out the clinical relevance of genetic 
testing in order to identify women at high risk. 
The identification of hereditary breast cancers is 
a complex process, which should always be per-
formed within a genetic counselling.

Evidences on the efficacy of surveillance and 
other preventive options are still limited, and 
conclusive data are needed, not only for families 
testing negative but also for families with patho-
genic variants in well-characterised high- 
penetrance genes. Moreover, as the efficacy of 
each preventive option is directly related to the 
individual cancer risk, more personalised risk 
estimates need to be achieved. Considering the 
actual complexities, it is recommended that risk 
management strategies should be discussed for 
each woman with a multidisciplinary approach, 
in order to foster a tailored prevention program.
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4.1  Introduction

Magnetic resonance imaging (MRI) is nowadays 
widely known as the most effective imaging modal-
ity for the early detection of breast cancer. Contrast-
enhanced breast MRI has been increasingly used 
since the 1980s, when an excellent breast lesion 
conspicuity after intravenous injection of gadopen-
tetate dimeglumine (Gd-DTPA) was firstly shown 
[1]. Thanks to the acquisition of multiple series of 
contrast-enhanced images, the method rapidly 
evolved into dynamic contrast- enhanced (DCE) 
breast MRI [2]. Initial evaluations showed not only 
that DCE-MRI was capable of showing most can-
cers but also yielded significant additional informa-
tion over mammography and ultrasound. In 
subsequent studies, a sensitivity of over 90% was 
documented for breast malignancies.

The high sensitivity led to the rapid spread of 
applications and indications for breast MRI.  It 
was thought to be an excellent screening tech-
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nique as it does not use any ionizing radiation and 
has a very high negative predictive value. A stan-
dard protocol for DCE-MRI was adopted, consist-
ing of at least one T1-weighted acquisition before 
contrast injection and several acquisitions after 
contrast injection. Other contrast materials than 
the original Gd-DTPA were also used.

Multiple prospective trials investigated the 
value of DCE-MRI using variations of this proto-
col for breast cancer screening in women at vari-
ous classes of increased risk and reported a 
sensitivity in the range from 71% to 91% 
(Table 4.1).

Using the results of early studies, skeptics 
pointed at the so-called low specificity of breast 
MRI as a flaw that prevented the use of MRI in 
screening. Since in screening most scans are nor-
mal, a high number of false positives would lead 
to a very high recall rate, and this would pose an 
unacceptable burden on healthy women and large 
logistic issues to health-care systems. This led to 
a wide range of additional acquisitions, including 
not only old and new T2-weighted sequences but 
also diffusion-weighted imaging (DWI), and 
even proton spectroscopy, each of which were 
shown to have a potential for reducing false posi-
tives of breast MRI. Therefore, the current state- 
of- the-art protocols in breast MRI are 
multiparametric in nature. Nonetheless, the so- 
called low specificity of breast MRI is a complex 
questionable phenomenon to which the readers’ 
inexperience and the absence of prior screening 
MR studies also gave critical contributions. The 
mantra on the low breast MRI specificity has 
been extensively discussed in Chap. 2.

Even though the performance of MRI screen-
ing with multiparametric protocols seems excel-

lent, the scan time required, as well as the time 
needed for evaluation, and thus the associated 
costs are high, and this currently contributes to 
the limited use of breast MRI as a screening tool 
in high-risk women.

Current research, therefore, focuses on the 
development of shorter imaging protocols to 
reduce scan times and to cut costs. In addition, 
imaging biomarkers are extracted focusing on the 
evaluation of aggressiveness of breast cancer, in 
order to open a way for characterizing those can-
cers that are biologically active. Finally, new tech-
niques that aim at excluding contrast agent 
administration from the acquisition are under 
development. Updates on recent developments on 
these topics will be discussed in this chapter.

4.2  Indications for Breast MRI 
Screening

The risk level of women included in various MRI 
screening studies is highly heterogeneous. The 
MRISC trial [3] included all women with a life-
time risk of 15% or greater, whereas, for example, 
the Canadian trials [9] only included women with 
BRCA mutations and their first-degree relatives. 
In 2007, the American Cancer Society published a 
guideline [11] on screening with supplemental 
MRI. They concluded that MRI as an adjunct to 
mammography was indicated for all women with 
a lifetime risk ≥20–25% as assessed with 
BRCAPRO or similar tools that mainly focus on 
family history. In 2008, these guidelines were also 
adopted by the European Society of Breast 
Imaging (EUSOBI), as the recommendations 
were mainly based on European studies [12].

Table 4.1 Sensitivities and specificities for breast MRI screening of women at elevated breast cancer risk

First author [reference #] Year Screened women Number of cancers Sensitivity (%) Specificity (%)
Kriege [3] 2004 1,909 45 71 90
Leach [4] 2005 649 35 77 81
Kuhl [5] 2005 529 43 91 97
Rijnsburger [6] 2010 2,157 75 71 90
Trop [7] 2010 184 12 83 94
Sardanelli [8] 2011 501 52 91 97
Passaperuma [9] 2012 496 57 86 90
Riedl [10] 2015 559 40 90 89
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The group of high-risk women considered by 
these guidelines consists of women with either a 
proven BRCA1 or BRCA2 germline mutation, 
other genetic syndromes associated with a high 
incidence of breast cancer, or a ≥20–25% life-
time risk of developing breast cancer (see Chap. 
3). Women with history of chest radiation therapy 
between the ages of 10 and 30 also have a similar 
risk and should be screened with supplemental 
MRI (see Chap. 14).

For women at intermediate risk (defined as 
15–20% lifetime risk or a personal history of 
invasive or in situ carcinoma, lobular neoplasia, 
or atypical hyperplasia), the use of breast MRI 
for screening is still under investigation, and 
there has been no clear statement yet. It is agreed 
that breast MRI screening should not be currently 
used in women with a lifetime risk lower than 
15% [13]. However, screening trials with MRI 
for women at average risk, but with very dense 
breast, are on their way, thus introducing risk fac-
tors for stratification that were not used in previ-
ous screening studies or risk models. Whether or 
not screening guidelines should be expanded to 
also include these women will become evident in 
the coming years.

Despite the abovementioned guidelines, 
national guidelines are often more conservative 
as they focus more on cost-effectiveness. While 
there is a clear increase in breast cancer detection 
in all risk groups, cost-effectiveness is only 
proven for women at the highest risk (e.g., those 
with a BRCA mutation and their first-degree rela-
tives and those with a history of chest radiation 
therapy before 30), and hence several current 
national breast cancer screening guidelines only 
state that a yearly breast MRI is appropriate for 
women at very high risk for developing breast 
cancer (see Chap. 16).

4.3  Requirements for Breast MRI

The EUSOBI [12], the European Society of 
Breast Cancer Specialists (EUSOMA) [14], and 
the American College of Radiology [15] have 
specified requirements for the performance of 
breast MRI. So far, these requirements are gen-

eral and not specifically focused on breast MRI 
for screening. In the light of the current diversion 
between MRI for screening and MRI for staging 
or other indications, these guidelines will likely 
be adapted in the near future to be more specific 
for the indication for which breast MRI is per-
formed. However, the minimal requirements as 
specified by these organizations remain vital as 
they are very liberal. All breast MRI protocols 
should include T1-weighted pre- and post-con-
trast sequences to report on lesion morphology 
and enhancement features with sufficient spatial 
and temporal resolution. All other sequences are 
deemed supplemental; however, the use of addi-
tional T2-weighted acquisitions is generally 
endorsed.

Minimal requirements are as follows [12, 14]:

• Field Strength
A 1.5-T magnet is considered a minimum 
technical requirement because of the rela-
tionship between field strength and resolu-
tion (the advantages and disadvantages of 
3.0-T imaging will be discussed later in this 
chapter).

• Spatial Resolution
Sufficiently high spatial and temporal resolu-
tions are needed to detect and characterize 
small abnormalities. The EUSOBI guidelines 
state that the slice thickness should not be 
higher than 2.5 mm and the in-plane resolu-
tion should be 1 mm2 or less, thus minimizing 
the problem of volume averaging effects. 
Other guidelines still accept up to a 3 mm slice 
thickness.

• Scan Plane
No absolute preference for scan plane is rec-
ommended by guidelines. While in past times 
some technical issue favored the use of coro-
nal planes with the aim of optimizing both 
temporal and spatial resolution, currently 
axial and sagittal planes are preferred, also for 
the evaluation of symmetry.

• Fat Saturation and Temporal Subtraction
Spectral fat saturation can be used to reduce 
the fat signal while preserving the signal-to- 
noise ratio (SNR); however, it is not manda-
tory. The guidelines state that radiologists 
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must not solely rely on temporal subtraction 
images for the assessment of enhancement, 
since this may result in misregistration due to 
patient motion. When motion artifacts do 
appear, motion correction might be helpful in 
reducing artifacts encountered with image 
registration.

• Radio Frequency Coils and Simultaneous 
Bilateral Imaging
Guidelines state that simultaneous bilateral 
high-resolution images should be acquired as 
breasts are symmetric organs and comparison 
between the two breasts can be performed. 
The use of a multichannel-dedicated bilateral 
breast coil is mandatory [5, 7, 16, 17]. These 
are commercially available and provide excel-
lent spatial and temporal resolution for 
improved visualization of small lesions [18].

• Contrast Agent
Breast MRI without contrast is not acceptable 
according to current standards, except for the 
evaluation of breast implants integrity. 
Therefore, all screening examinations should 
be contrast- enhanced studies. As a contrast 
agent, a two- compartment (vascular/intersti-
tial) gadolinium chelate should be adminis-
tered intravenously as a bolus with 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 ml/s), preferably using an automatic 
injector. Specific information on paramagnetic 
contrast agents available for breast MRI can be 
found in Chap. 5.

• Temporal Resolution
The time interval between images series for 
dynamic contrast-enhanced (DCE) studies 
should be no longer than 120 s [14].

• Volume of MRI Studies per Institution
The EUSOMA [14] recommends that a mini-
mum number of 150 cases need to be per-
formed per institution per year. Despite the 
lack of recommendations from the other soci-
eties, this seems a wise recommendation, 
especially when considering the screening set-
ting. Even in very high-risk screening, the 
cancer detection rate is only in the order of 
2–3%, and hence at a rate of 150 screening 
examinations, only three cancers are detected 

per year. Therefore, some degree of central-
ization and significantly larger volumes are 
recommended.

4.4  MRI Sequences

4.4.1  T1-Weighted Sequences

To understand the basics of sequences used for 
screening, some knowledge of MRI physics is 
desirable.

One of the most common MRI pulse sequences 
is the T1-weighted sequence, also referred to as 
the spin-lattice relaxation sequence. The images 
obtained from this sequence display the differ-
ences in T1 relaxation times among different tis-
sues. This sequence relies upon the longitudinal 
relaxation of the tissue’s net magnetization vector 
(T1 relaxation describes the spin relaxation in the 
z-direction). T1-weighting is achieved with short 
echo times and repetition times. As fat quickly 
realigns its longitudinal magnetization with B0 
(the main magnetic field), it appears bright on a 
T1-weighted image. Conversely, water has a 
much slower longitudinal magnetization realign-
ment after a radio frequency pulse and, therefore, 
has less transverse magnetization. Thus, water has 
a low signal and appears dark on T1-weighted 
images. Figure 4.1 shows examples of the differ-
ent images obtained using a T1-weighted 
sequence either with or without fat suppression. 
Gadolinium-based contrast agents have a para-
magnetic effect on the tissue and hence reduce the 
T1 relaxation time (i.e., the time needed for longi-
tudinal relaxation). This increases the signal of 
the tissue, and hence, a high signal (that appears 
bright on the image) is produced in areas of con-
trast agent uptake [19].

In breast MRI screening protocols, 
T1-weighted sequences are thus used for detec-
tion of areas where the contrast agent accumu-
lates, such as malignant breast lesions [12, 15]. 
Several T1-weighted sequences are obtained in 
dynamic succession to visualize the course of tis-
sue contrast enhancement.

In the early years of breast MRI, it was neces-
sary to choose between temporal and spatial 
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 resolution. Two fundamentally different protocol 
designs evolved, the static design and the dynamic 
design. The static design was most popular in the 
United States and specifically evaluated the mor-
phological features of enhancing lesions at high 
spatial resolution. The dynamic design was 
instead mostly favored in European countries 
with the aim of using dynamic enhancement 
characteristics to distinguish benign lesions from 
malignant lesions [20]. Nowadays, thanks to the 
technical progress that has been made, it is pos-
sible, to a certain extent, to integrate these two 
demands, and the final evaluation is virtually 
always based upon a combination of morphologi-
cal and dynamic enhancement features [20].

The BI-RADS MRI lexicon [21] states the dif-
ferent enhancement patterns that have to be rated 
based on T1-weighted sequences. All findings 
should be viewed on both pre- and post-contrast 
scans, and both morphologic and kinetic charac-
teristics should be evaluated. Malignant lesions 
tend to enhance rapidly, typically reaching 90% 
of peak enhancement within 60 s following injec-
tion, while fibroadenomas and other benign 
lesions tend to enhance at a lower rate. Strong 
early enhancement with a relative signal increase 
of over 140% and a peak of enhancement before 
3  min together with an early washout (signal 
decrease of more than 10% following maximum 
enhancement) [16] is highly suggestive of 
malignancy.

Different T1-weighted sequences exist, as 
shown in Table 4.2. Spin-echo sequences are gen-
erally not recommended as these are too slow to 
achieve the spatial and temporal resolution 

required for breast MRI screening. The EUSOBI 
recommends at least a T1-weighted spoiled 
gradient- echo pulse sequence before the adminis-
tration of contrast agent, one at peak enhance-
ment approximately 90  s after contrast agent 
administration and one 5–7  min after contrast 
administration in order to investigate the mor-
phology and the dynamics of enhancement. Most 
protocols that are currently in use include one 
pre-contrast T1 sequence and three to five post- 
contrast T1 sequences for the dynamic evaluation 
[12, 23–27].

In order to obtain a more reliable T1-weighting, 
gradient-echo (GE) sequences used for DCE 
breast imaging use the so-called spoiler (typi-
cally a radio frequency spoiler) that disrupts 
transverse coherences that may persist from cycle 
to cycle of the sequence. Thus, immediately 
before each radio frequency pulse, the steady- 
state magnetization has no transverse compo-
nents, while the longitudinal magnetization 
reaches a steady state [28].

However, spoiled gradient-echo sequences 
exist in both two-dimensional (2D) and three- 
dimensional (3D) acquisition modes. It is still 
unknown which of the two is the best or most 
appropriate one for breast MRI, in particular for 
screening. Both methods have their own advan-
tages and disadvantages. When comparing 2D to 
3D sequences, 3D sequences are known for their 
higher T1-contrast and higher SNR, resulting 
from shorter repetition times and echo times. The 
higher SNR can be used to improve the spatial 
resolution, both in-plane (pixel size) and through- 
plane (partition thickness). However, 3D imaging 

a b

Fig. 4.1 Axial T1-weighted images in a 42-year-old BRCA2 mutation carrier with relatively fatty breasts, using a 
sequence without fat suppression (a) or with fat suppression (b)
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may suffer from image degradation (pulsation, 
susceptibility, and ghosting artifacts), and there-
fore, some authors prefer 2D imaging [28].

4.4.2  T2-Weighted Sequences

Most of the current breast MRI screening proto-
cols include a T2-weighted sequence (examples 
are presented in Fig. 4.2). In the EUSOBI guide-
lines for breast MRI, it is stated that this sequence 
can be useful in the differentiation between 
benign and malignant lesions (and thus increas-
ing specificity and positive predictive value), as 
in most cases cancer does not yield a high signal 
on turbo spin-echo T2-weighted images without 
fat suppression, whereas many benign lesions do. 
However, as most of these lesions can also be 

identified in T1-weighted images, the EUSOBI 
guidelines state that there is no clear evidence of 
the added value of T2-weighted sequences in 
screening yet [12].

In 1999, Christiane Kuhl and coworkers were 
the first investigators to evaluate the added value 
of T2-weighted imaging for breast MRI [29]. 
They investigated whether T2-weighted pulse 
sequences can help in the differential diagnosis 
of enhancing lesions on dynamic breast 
MRI.  Fibroadenomas and well-circumscribed 
breast cancers may have a similar appearance, 
as both may present as a rapidly and strongly 
enhancing focal lesion. Fibroadenomas and 
breast cancers tend to demonstrate different sig-
nal intensities on T2-weighted imaging. In prac-
tice, if a well-circumscribed enhancing lesion is 
detected in breast MRI, high signal intensity in 

Table 4.2 T1-weighted sequences

Sequence Characteristics
Spin-echo (SE) •  T1-weighting is maximized by setting repetition time (TR) to be similar to or slightly 

shorter than the T1 values of the tissue of interest while setting echo time (TE) as short as 
possible

• It takes time to rephase the signal, thus increasing the scan time
Turbo spin-echo 
(TSE)

•  Because of the long scan time of SE sequences, TSE meets the demand for faster imaging. 
Multiple echoes are formed and measured by adding several 180° pulses and measuring a 
spin-echo after each pulse rather than measuring a single echo after each 90°–180° 
combination

Fast advanced 
spin-echo (FASE)

• Half-Fourier imaging is used, which shortens scan time even more than TSE

Gradient- echo (GE, 
GRE)

•  Similar to spin-echo sequences with two main differences:
  – Use of an initial 10–270° pulse rather than a 90° pulse
  –  Use of a gradient reversal instead of a 180° pulse to form an echo, thus eliminating the 

need to wait to allow a regrowth of the longitudinal magnetization
•  T1-weighting is achieved by using a short TR, very short TE, and a moderate flip angle [22]
•  Due to a higher T1 contrast and shorter acquisition times, these sequences are generally 

preferred over spin-echo sequences and are therefore recommended by guidelines [12, 14]

a b

Fig. 4.2 Axial T2-weighted images in a 38-year-old woman at familial risk of breast cancer with dense breasts, using 
a sequence without fat suppression (a) or with fat suppression (b)
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the corresponding T2-weighted image can be 
used to support the diagnosis of a benign lesion. 
In the higher age groups (over 40), a low 
T2-weighted signal should arouse suspicion for 
malignancy, even though the lesion is well cir-
cumscribed. The authors concluded that 
T2-weighted turbo spin-echo sequences can be 
helpful as an adjunct to the dynamic breast MRI 
protocol, and it should not be used as a stand- 
alone approach but in conjunction with and sec-
ondary to criteria-like enhancement kinetics and 
morphological data. Laura Heacock and 
coworkers [26] came to similar conclusions. In 
their study, the addition of a T2-weighted 
sequence to the dynamic protocol resulted in a 
higher lesion conspicuity but had no effect on 
cancer detection. Unfortunately, the effect of the 
T2-weighted images on specificity was not 
evaluated.

The use of spectral fat saturation as added to 
T2-weighted sequences was specifically evaluated 
in the abovementioned work by Kuhl and cowork-
ers [29]. They stated that the TSE pulse sequence 
without fat suppression is the only suitable 
sequence to assist in lesion characterization. If 
used cautiously, T2-weighted imaging should 
improve the diagnostic accuracy of diagnostic 
breast MRI by helping to avoid false-positive diag-
noses, particularly in young women. Therefore, a 
T2-weighted turbo (also called fast) spin-echo 
sequence can be performed as a start of a breast 
MRI screening, before the dynamic protocol. In 
combination with fat saturation, this sequence can 
also be used to identify cysts, as cysts have 
extremely long T1 and T2 values relative to other 
breast tissues. Cysts typically have a few macro-
molecules to shorten T1 and lack of cellular struc-
ture to shorten T2. Thus, cysts appear darker on 
T1-weighted sequences while they appear much 
brighter than other tissues on T2-weighted 
sequences due to their longer T2 values and higher 
hydrogen densities. Hence, cysts are easily identi-
fiable on fat-suppressed T2-weighted imaging 
[22]. However, the necessity to detect cysts in a 
screening protocol remains questionable, and this 
alone should not be used as an argument to per-
form a T2-weighted acquisition.

4.4.3  Diffusion-Weighted Imaging 
(DWI) and Other Additional 
Sequences

Diffusion-weighted imaging is sensitive to the 
mobility of water molecules in tissue. Water 
motion is most commonly quantified by means of 
an apparent diffusion coefficient (ADC), a model 
using the principle that tissue-confined water 
behaves similarly to free water, but with reduced 
diffusivity (Fig. 4.3). This is used as a marker of 
cellularity in oncologic imaging as it represents a 
decrease in extracellular space relative to the 
more viscous intracellular fluid of proliferating 
cells. Measurement of diffusivity does not require 
administration of contrast agents. Thus, DWI 
might be a suitable technique for non-contrast 
breast MRI, as we will discuss below.

Notably, the signal obtained by DWI 
sequences is based on a T2-weighted acquisition. 
Diffusivity is measured by applying a strong 
spoiler gradient to excited hydrogen protons. 
After a certain period of time, this spoiler gradi-
ent is reversed. Strength and duration of the 
spoiler gradient together determine the so-called 
b-value: the higher the b-value, the stronger the 
signal positive correlation with tissue diffusivity. 
In fact, protons that do not move regain their sig-
nal, whereas moving protons experience a differ-
ent gradient at both instances and hence lose their 
signal [30]. Some studies [31, 32] focused on the 
choice of b-values for DWI of the breast. A 
b-value near to 0 s/mm2 (or 50 s/mm2) to reduce 
signal from vessels and a b-value around 800–
850  s/mm2 are sufficient for clinical imaging. 
However, for more elaborate DWI techniques 
such as diffusion tensor imaging (DTI) or intra-
voxel incoherent motion (IVIM) imaging, multi-
ple and higher b-values are required.

Studies have shown the potential of DWI to 
increase breast MRI specificity. As discussed by 
Gurpreet S.  Dhillon and coworkers [18], DWI 
has a higher specificity to differentiate benign 
from malignant lesions than CE-MRI. However, 
to not lose in terms of sensitivity, a feasible way 
to implement DWI in a multiparametric protocol 
appears to adapt BI-RADS scores based on ADC 
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values as proposed by Katja Pinker and cowork-
ers [33]. Differences in ADC values may be able 
to distinguish ductal carcinoma in situ (DCIS) 
from both normal tissue and invasive ductal car-
cinoma. The ADC value is lowered in DCIS 
 compared to normal breast parenchyma but is 
still significantly higher than the ADC values 
seen in invasive ductal carcinoma. However, this 
intermediate ADC value is not specific to DCIS 
and might overlap with other benign and malig-
nant lesions [34].

Several studies investigate the added value of 
DWI when DCE-MRI is available. Sibel Kul and 
coworkers [35] applied this strategy to 84 breast 
lesions, showing that the combination of DWI 
and DCE-MRI had the potential to increase the 
specificity of breast MRI, a result confirmed by 

Richa Bansal and coworkers [36] in a larger study 
including 232 lesions.

Other sequences have been proposed to fur-
ther improve the specificity, including dynamic 
susceptibility contrast (DSC) imaging, which is a 
kind of perfusion imaging based on the T2∗ effect 
of contrast agent (contrast uptake reduces the T2∗ 
value, thus resulting in a lowered signal), and 
susceptibility-weighted imaging (SWI), which is 
based on the tissue inhomogeneities and calcifi-
cations (again resulting in a lowered signal on 
T2∗-weighted images) [37, 38], as well as various 
types of mainly 1H-based magnetic resonance 
spectroscopy (MRS) approaches [39–41]. 
Although each of the techniques has some merits, 
none of these approaches really made it into clin-
ical practice. Especially for screening purposes, 

a

b

Fig. 4.3 Axial diffusion-weighed images in a 42-year-old BRCA2 mutation carrier using DWI (b = 850 s/mm2) (a) and 
the corresponding ADC map (b)

R. M. Mann and S. Vreemann



51

they are currently obsolete. Faster approaches 
and techniques to increase the signal might, how-
ever, in the future render these techniques viable 
again.

A recent comparison between the evidence in 
favor of DWI and that in favor of spectroscopy 
found that DWI is certainly the winner [42]. As 
mentioned above, DWI, considering both the 
robustness and short acquisition times, entered 
breast MRI clinical protocols as the most used 
additional sequence.

4.5  Breast MRI at 3.0 T: 
Advantages 
and Disadvantages

As 3.0-T systems become more widely available 
throughout the world, many facilities may con-
sider performing breast MRI, including screening 
protocols, at this higher field. In fact, it is widely 
known that a higher field strength results in a 
higher SNR. The improved SNR should, in the-
ory, allow for a better visualization and character-
ization of enhancing lesions, which may improve 
the detection of breast cancers [15]. However, this 
higher field strength also causes an increased field 
inhomogeneity, which is a clear disadvantage. In 
the case of 3.0-T imaging, several artifacts can be 
categorized according to their main underlying 
mechanism, such as increased SNR, susceptibility 
variation, chemical shift, or decreased radio fre-
quency wavelength [43, 44].

Increased SNR can result in more pronounced 
Gibbs ringing artifacts at 3.0  T compared to 
1.5 T. These artifacts occur when Fourier trans-
forms are used to reconstruct MRI signals into 
images. Any signal (and thus every image) can be 
represented as an infinite summation of sine 
waves of different amplitudes, phases, and fre-
quencies. In MRI, we sample a finite number of 
frequencies, and we approximate the image by 
using relatively few sine waves in its Fourier rep-
resentation. In other words, the Fourier series is 
cut short. Gibbs ringing artifacts are prominent at 
high-contrast interfaces, manifested by variable 
undershoot and overshoot oscillations. These 
artifacts can have a variety of forms, including 

false widening of edges, enhancement of the 
edges, or distortion of tissues.

Ghosting artifacts are associated with parallel 
imaging (commonly used in MRI with the aim to 
decrease acquisition times at both 1.5 and 3.0 T) 
and are usually more severe at 3.0 T. In fact, the 
increased SNR at 3.0 T, especially in combina-
tion with a high channel count (eight or more 
coils, which is currently standard of care in most 
clinical practices) used for parallel imaging, can 
worsen the problem.

Chemical shift artifacts are more often present 
at 3.0 T. At a fixed receiver bandwidth, the fat- 
water chemical shift will be twice as many pixels 
compared to 1.5 T.

Susceptibility variations due to the presence of 
implanted foreign bodies can also cause local 
nonuniformity of the main magnetic field result-
ing in several artifacts, including nonplanar 2D 
slices, in-plane image distortion, and local regions 
of hypointensity and hyperintensity. These arti-
facts are also stronger at 3.0  T.  Sequences with 
long echo trains suffer the most from susceptibil-
ity variations. To decrease these artifacts, parallel 
imaging could be used, taking the comments on 
the abovementioned ghosting artifacts into 
account.

Because 3.0-T imaging is already well intro-
duced in clinical imaging, most of these artifacts 
can be overcome by several already available 
methods [43]. Clinical 3.0 T images are adequate 
in general, even though it remains uncertain 
whether these are better than 1.5 T images.

There are only few comparisons between 
breast imaging at 1.5 and 3.0 T. Christiane Kuhl 
and coworkers [45] described intraindividual 
results in 37 women with 53 lesions. At 3.0 T, the 
image quality was slightly but significantly bet-
ter, and the diagnostic confidence as measured at 
receiver operating characteristics analysis was 
significantly higher. No susceptibility effects 
were observed. Motion artifacts were observed at 
3.0 and 1.5 T at the same rate and degree. The 
smaller pixel size in patients who were examined 
at 3.0  T with high in-plane imaging matrices 
could result in subtraction artifacts due to motion 
and, therefore, degraded the image quality. 
Nevertheless, the higher spatial resolution at 
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3.0 T helped to improve classification of 11 of 51 
lesions (two were excluded because of insuffi-
cient enhancement).

Ana P. Lourenco and coworkers [17] reported 
on a comparison of 495 3.0 T versus 650 1.5 T 
breast MRI screening scans. They found a signifi-
cant increase in both biopsy recommendation 
rate and the positive predictive value of biopsy at 
3.0 T. Notably, cancer detection rate was signifi-
cantly higher at 3.0  T (2.6%), compared with 
1.5 T (0.9%). These results, even limited by the 
retrospective interindividual design, showed a 
potential for a greater efficacy of breast MRI 
screening at 3.0 T.

Thus, despite existing disadvantages from 
scanning at a higher field strength, 3.0 T breast 

MRI still seems to improve the diagnostic confi-
dence and the cancer detection rate in a screen-
ing population. However, 1.5  T breast MRI 
remains adequate in most settings when updated 
protocols and breast coils are used.

4.6  Screening Sequence 
Protocols

Examples of breast MRI screening sequence pro-
tocols used at 1.0, 1.5, and 3.0 T are reported in 
Table  4.3. However, we should consider that a 
large variety of technical options were used, 
although all of them were mainly based on a 2D 
or 3D spoiled gradient-echo dynamic series.

Table 4.3 Examples of screening protocols

First author [ref. #] Breast MRI protocol Sequence parameters
Sardanelli [8]a 1.0 or 1.5 T

1. 3D T1-weighted spoiled gradient-
echo (1 pre- contrast and 5 
post-contrast)

1.  Transverse or coronal plane; TR 13 ms; flip angle 
20°–30°; partition thickness, ≤3 mm; number of 
partitions 40–128; acquisition time up to 120 s; 
pixel size up to 1.4 × 1.4 mm

Kuhl [46] 1.5 T
1. 2D or 3D T1-weighted spoiled 
gradient-echo series (1 pre- and ≥4 
post-contrast)
2. T2-weighted sequence

1.  Spatial resolution ≤1 × 1 mm (in-plane), ≤3 mm 
(through-plane); acquisition time 120 s

2.  Spatial resolution ≤1 × 1 mm (in-plane), ≤3 mm 
(through-plane)

Total acquisition time 15 min
Emaus [47] 3.0 T

1. T2-weighted sequence (optional) 1.  Acquisition VS ≤1.11 × ≤1.46 × ≤4.00 mm
Reconstruction VS: ≤0.90 × ≤0.90 × ≤4.00 mm
Acquisition time 147–248 s

2. DWI sequence 2.  Acquisition VS ≤2.25 × ≤2.51 × ≤5.00 mm
Reconstruction VS: ≤1.55 × ≤1.70 × ≤4.00 mm
Acquisition time 215–301 s
b-values 0, 50 or 150, and 800 s/mm2

3. DCE data sets
  3.1. High spatial resolution 

pre- contrast
  3.2. High- temporal- resolution 

series before and during the first 
90 s after contrast injection

  3.3. High- spatial- resolution series 
post- contrast

  3.1.  Acquisition VS ≤1.00 × ≤1.00 × ≤2.00 mm
Reconstruction VS ≤1.00 × ≤0.94 × 1.00 mm
Acquisition time 80–152 s
  3.2. Acquisition VS ≤2.58 × ≤2.82 × ≤6.00 mm
Reconstruction VS ≤1.18 × ≤1.18 × ≤3.00 mm
Pre-contrast acquisitions (n = 1)
Post-contrast acquisitions (n = 15–19)
  3.3. Acquisition VS ≤0.90 × ≤1.00 × ≤1.80 mm
Reconstruction VS ≤1.00 × ≤0.80 × ≤1.00 mm
Acquisitions (n = 5 or 6)

VS voxel size
aAlthough not considered in the final report [8] (the BI-RADS classification was mainly based on DCE imaging), a 
T2-weighted sequence was also included in the protocol
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4.7  Abbreviated Screening 
Protocols

While breast MRI screening as currently imple-
mented has shown great potential for early detec-
tion of cancer in women at increased risk of 
breast cancer, its wide implementation remains 
difficult. This is largely caused by the high costs 
of MRI itself. In addition, the huge amount of 
image series produced lengthens the reading time 
and makes actual mass screening very difficult.

Therefore, several research groups focused on 
reducing the time required for scanning and eval-
uating breast MRI.  Evidence is mounting that 
shorter protocols in fact are just as good for 
screening as the much lengthier multiparametric 
protocols that are currently in use. This could 
potentially increase the access to breast MRI by 
significantly reducing the cost and time associ-
ated with the examination, both the acquisition 
time, and the radiologist’s reading time.

Several abbreviated protocols were described 
by different groups of authors [23–26] (Table 4.4).

In 2014, Christiane Kuhl and coworkers [23] 
presented the first and simplest version of abbre-
viated breast MRI. The protocol is condensed 
into one pre-contrast and one post-contrast acqui-
sition. The subsequent generation of subtraction 
images and maximum intensity projections 
(MIPs) also renders reading exceptionally fast. 
Reading time of the MIPs was reported to be 
below 2 s. In their study, it was evaluated whether 
this abbreviated protocol would be sufficient to 
identify breast cancer in a screening cohort. The 
full diagnostic protocol included a T1-weighted 

pre-contrast and five post-contrast scans followed 
by a T2-weighted sequence and a coronal 
T1-weighted sequence. While the full protocol 
needed about 17  min, the abbreviated protocol 
needed only 184 s. The overall sensitivity of the 
abbreviated protocol was 100.0% (negative pre-
dictive value 99.8%) with a specificity of 94.3%. 
However, only 11 cancers were detected overall. 
With the use of the full diagnostic protocol, the 
characterization of findings classified as possibly 
benign (BI-RADS 3) was improved, showing that 
the additional pulse sequences in the full protocol 
are mainly needed for lesion characterization.

In 2015, Victoria L.  Mango and coworkers 
[24] looked into the sensitivities per sequence of 
the abbreviated protocol. They found a mean sen-
sitivity of cancer detection of the first post- 
contrast sequence of 96%, equal to the first 
post-contrast subtracted sequence. Sensitivity 
using only the MIPs was significantly inferior 
(93%), which must be taken into account when 
deciding to screen using only MIPs.

In the same year, Lars J. Grimm and cowork-
ers [25] tested two different abbreviated proto-
cols in a specifically designed case series of 48 
patients selected from high-risk screening. One 
protocol consisted of a T2-weighted sequence, 
as well as the pre-contrast and the first post-con-
trast T1-weighted sequences. In the other proto-
col, the second post-contrast T1-weighted 
sequence was added to the sequences of the first 
protocol. They found no significant differences 
in sensitivity and specificity between each of the 
two abbreviated protocols (86% and 89%, 
respectively) and the full protocol (95%). 

Table 4.4 Abbreviated and full breast MRI protocols

First author 
[reference #] Protocol

Dynamic 
pre-contrast

Dynamic first 
post-contrast

Dynamic 
second 
post-contrast

Dynamic 
third–fifth 
post-contrast

T1 
TSE T2 DWI

Kuhl [23] Abbreviated Yes Yes
Full Yes Yes Yes Yes Yes Yes

Mango [24] Abbreviated Yes Yes
Full Yes Yes Yes Yes Yes Yes Yes

Grimm [25] Abbreviated1 Yes Yes Yes
Abbreviated2 Yes Yes Yes Yes
Full Yes Yes Yes Yes Yes Yes

Heacock [26] Abbreviated Yes Yes Yes
Full Yes Yes Yes Yes Yes Yes
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However, the case series was relatively statisti-
cally underpowered while the enriched series 
(especially the proportion of malignant lesions, 
much higher than seen in screening practice) 
could have influenced the reader performance, 
likely explaining the remarkable low specificity, 
ranging from 45% to 52%.

In 2016, Laura Heacock and coworkers [26] 
retrospectively evaluated the utility of an abbrevi-
ated T1-weighted imaging protocol in  detecting 
107 known breast cancers (88% invasive and 12% 
in situ) as well as to analyze the impact of adding 
clinical history and prior imaging to cancer detec-
tion and determine the impact of T2-weighted 
imaging in cancer detection and lesion conspicu-
ity. The abbreviated protocol, consisting of a 
T2-weighted fat-suppressed sequence and a pre- 
and post-contrast T1-weighted sequence, reached 
a sensitivity of 97.8–99.4%, comparable to previ-
ously mentioned studies [23–25]. In addition, in 
the Heacock’s study [26], information about prior 
imaging and clinical history increased detection 
rates. T2-weighted imaging increased confidence 
and lesion conspicuity; however, it did not 
increase detection rates. Initial enhancement rate 
was significantly correlated to tumor grade, inva-
sive disease, and lesion conspicuity, supporting 
the idea that rapid wash-in characteristics of 
malignancy may underpin the efficacy of abbrevi-
ated MRI sequences. This finding raises the pos-
sibility that cancers detected by an abbreviated 
MRI examination only may be of higher grade, 
i.e., more biologically active lesions, potentially 
counteracting the drawback of overdiagnosis 
intrinsically associated to every screening 
program.

From the studies investigating abbreviated 
protocols, we can conclude that there is still no 
clear consensus in which sequences are benefi-
cial and needed for an abbreviated protocol. 
Studies reporting on “abbreviated” protocols var-
ied widely in acquisition times ranging from 
approximately 3–15 min. In particular, the role of 
a T2-weighted sequence for screening purposes 
needs to be investigated. In addition, the number 
of patients scanned and the amount of cancers 
detected are currently still too low to draw solid 
conclusions. Future larger prospective trials 

need to prove the non-inferiority of abbreviated 
protocols.

Nevertheless, shortened breast MRI protocols 
could play a relevant role in lowering costs and 
allowing more widespread availability of MRI as 
a screening tool.

4.8  Ultrafast Breast MRI

All the abbreviated protocols discussed in the 
previous paragraph discard dynamic information. 
Only one of those investigated by Grimm and 
coworkers [25] used the second dynamic post- 
contrast scan. This is not problematic for larger 
malignant lesions, which are generally well rec-
ognized based upon their morphological features. 
However, in particular for the classification of 
small mass lesions, which are typical findings in 
breast screening, additional dynamic information 
is important. This implies that dynamic informa-
tion is appreciated, while imaging time should 
not be extended.

Conventional dynamic information cannot be 
obtained, as this requires acquisition of the wash-
out phase of contrast which takes up to 6–7 min 
after contrast administration. However, even in 
the early days of breast MRI, it was already 
shown that dynamic information obtained from 
the inflow phase had better discriminating capac-
ity than the washout phase. Nevertheless, in pre-
vious years, the temporal resolution, typically in 
the range of 60–75  s of high-spatial-resolution 
bilateral images, was not sufficient to document 
this inflow phase. Therefore, acquiring scans at a 
high temporal resolution re-enables the use of 
contrast dynamics for the classification of suspi-
cious breast lesions [48].

Karl-Heinz Herrmann and coworkers [49] 
were among the first to describe a new ultrafast 
sequence named time-resolved imaging with sto-
chastic trajectories (TWIST) for breast MRI 
(Fig. 4.4). With this technique, the outer part of 
k-space is heavily under-sampled, and data points 
are shared between successive time points to 
increase the obtained spatial resolution to diag-
nostic quality. Sophisticated sampling patterns 
are used to minimize the disadvantage of data 
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Fig. 4.4 Ultrafast axial images in a 42-year-old BRCA2 
mutation carrier, using a TWIST sequence (temporal reso-
lution 4.57  s). The central slice of each of the first 12 
acquisitions after aorta enhancement is shown, numbered 
from 1 to 12. The corresponding volumetric MIPs are 

shown at every time point, below the original central 
unsubtracted images. These clearly show the arrival of the 
contrast, first in the thoracic vessels and the heart and sub-
sequently in the breasts and liver. No suspicious early 
enhancement is visible in the breasts

4 MRI Protocols for Breast Cancer Screening



56

sharing. These authors showed, in a pilot study of 
14 patients, that this TWIST sequence can be 
used to obtain dynamic images at a very high 
temporal resolution (5.7  s). Furthermore, they 
showed that benign lesions enhance at a later 
time point than malignant lesions.

Luminita A.  Tudorica and coworkers [50] 
reduced the temporal resolution to 18 s, showing 
that the dynamic images were very comparable 
with the images provided by the conventional 
protocol. Yuan Le and coworkers [51] showed 
that a TWIST sequence can be combined with a 
dual-echo (two-point) Dixon technique to obtain 
fat-suppressed images with a high temporal reso-
lution. Our group [27] investigated the use of 
maximum slope of the contrast enhancement ver-
sus time curve obtained from the TWIST 
sequence at a temporal resolution of 4.3  s as a 
novel dynamic parameter for the differentiation 
between benign and malignant lesions. The total 
acquisition time was 102 s. Of the 199 enhancing 
lesions included, 95 were proven benign and 104 
malignant. We found that maximum slope 
achieved a much higher accuracy in differentiat-
ing benign and malignant lesions than the 
BI-RADS curve type does, thus solidifying the 
use of ultrafast breast MRI, and allowing the cre-
ation of new protocols with a short post-contrast 
period (~85 s). While we did not evaluate TWIST 
for morphological features, the technique meets 
every breast MRI requirement that is stated in 
guidelines. Results of a recently presented reader 
study in which four radiologists evaluated 200 
screening cases showed that the use of ultrafast 
MRI alone was just as accurate as evaluating a 
full diagnostic protocol including high-spatial- 
resolution acquisitions, T2-weighted imaging, 
and DWI [52].

Federico D. Pineda and coworkers [48] inves-
tigated a bilateral, fat-suppressed ultrafast acqui-
sitions with a time resolution of 6.9–9.9 s during 
the first min after contrast injection, followed by 
four high-spatial-resolution acquisitions with a 
time resolution of 60–79.5 s. They confirmed that 
first-minute ultrafast dynamic imaging can add 
valuable information, increasing the radiologists’ 
confidence in identifying lesions in the presence 
of marked background parenchymal enhance-

ment. A hybrid construction, where ultrafast 
acquisitions are interleaved in an abbreviated 
breast MRI protocol, allows the collection of 
dynamic data for lesion classification without a 
penalty in acquisition time.

Further improvements of ultrafast MRI are 
still increasing image quality. Radial imaging 
using a golden-angle approach, as is performed 
in the golden-angle radial sparse parallel 
(GRASP) sequence, enables dynamic imaging 
using continuous data acquisition and retrospec-
tive reconstruction of image series with arbitrary 
temporal resolution by grouping different num-
bers of consecutive radial lines into temporal 
frames. This means that, with the use of GRASP, 
images of every temporal resolution can be 
reconstructed; thus, both ultrafast and regular 
high-spatial-resolution acquisitions can be 
obtained using the same sequence, as described 
for liver, pediatrics, breast, and neck [53]. This 
approach can help to improve clinical workflow 
by enabling data acquisition without the need for 
synchronization with breath-hold commands or 
for selection of predefined rigid temporal resolu-
tion. A recently published study [54] showed that 
the performance of the GRASP sequence in 
terms of conspicuity of benign and malignant 
breast lesions is near comparable to that of con-
ventional volumetric imaging breath-hold exami-
nation (VIBE) imaging. Thus, techniques that 
employ compressed sensing might be used to fur-
ther improve image quality of ultrafast imaging. 
Table  4.5 lists multiparametric protocols that 
include ultrafast MRI sequences recently 
described in literature.

4.9  Future Perspectives: 
Contrastless Screening

As earlier discussed, one major disadvantage of 
breast MRI is the need for intravenous contrast 
agent administration. This is not solved by either 
abbreviated, ultrafast, or hybrid protocols. Since 
the recent observation of gadolinium deposition/
retention in the brain in a fraction of patients who 
underwent multiple injections of gadolinium- 
based contrast agents [55–57], this has become a 

R. M. Mann and S. Vreemann



57

Table 4.5 Multiparametric 
protocols containing ultrafast 
sequences

First author [reference #] Protocol
Pineda [48] 1. Ultrafast sequence

2. High-resolution sequences
Herrmann [49] 1. Pre-contrast 2D gradient-echo

2. Ultrafast sequence (TWIST)
Tudorica [50] 1. Ultrafast sequence (TWIST) with fat saturation

2. Axial T2-weighted sequence with fat saturation
3. 3D T1-weighted sequence without fat saturation

Le [51] Healthy volunteers, no contrast agent administration
  1. TWIST Dixon sequence
  2. VIBE SPAIR

Mann [27] 1. DWI
2. VIBE (T1-weighted)
3. TWIST (T1-weighted)
4. T2-weighted

Feng [53] GRASP
Heacock [54] 1. Sagittal T1-weighted gradient-echo

2. Sagittal T2-weighted gradient-echo
3. Sagittal T1-weighted gradient-echo
When breast biopsy images were acquired: Sagittal 
GRASP sequence continuously acquired before, 
during, and after contrast injection

See text for the sequences here indicated by acronyms

debated subject, especially for breast MRI 
screening, because these healthy women at 
increased risk for breast cancer are annually 
exposed to gadolinium-based contrast agents. 
The reader will find a more extensive discussion 
on this topic in Chap. 5.

Even though there are currently no clinical 
sequels reported to be associated with  gadolinium 
deposition/retention and guidelines for the use of 
breast MRI have remained unchanged [58], this 
is an additional reason (next to the associated 
costs, need for intravenous cannulation, and risks 
of already known adverse events such as allergic 
reactions) to investigate alternative MRI screen-
ing strategies that do not rely on contrast admin-
istration. The recent technological developments 
in cancer imaging have led to a shift toward func-
tional assessment of tissue characteristics, possi-
bly making contrast administration in the future 
unnecessary.

Of all techniques in use, DWI appears the 
strongest candidate for contrastless breast 
MRI. Like T2-weighted imaging, DWI does not 
require contrast agent administration; however, 
its sensitivity is much higher than that of 
T2-weighted imaging. This makes that DWI can 
be used in patients with a poor renal function or 

patients with an allergy to gadolinium-based con-
trast agents. Although currently not as good as 
contrast-enhanced MRI, the sensitivity of DWI is 
already competitive with that of mammography.

Sebastian Bickelhaupt and coworkers [59] 
investigated the fusion of T2-weighted images 
and DWI for characterization of BI-RADS 4 or 5 
mammographic findings. Combining morpho-
logical information from the former with bio- 
physiological characteristics from the latter 
allowed radiologists to get a high diagnostic 
accuracy for lesion characterization (92%) com-
parable to that of the full DCE protocol (95%). 
Research is needed to investigate whether this 
can be used for breast MRI screening.

Further diffusion-based approaches to con-
trastless breast MRI include diffusion tensor 
imaging (DTI) that appears to improve the diag-
nostic capacity of DWI and allows imaging at a 
substantially higher resolution than that common 
for DWI [60] and intravoxel incoherent motion 
(IVIM), although the spatial resolution of the lat-
ter currently still precludes any screening [61].

An approach to obtain vascular information 
without contrast administration is arterial spin 
labeling (ASL). The arterial blood supplying the 
tissue of interest is “labeled” by altering its lon-
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gitudinal magnetization; perfusion quantifica-
tion can be easily performed as the signal 
changes are proportional to blood flow [62, 63]. 
The technique has already been successfully 
implemented to improve disease detection and 
characterization in the brain, pancreas, and kid-
ney [62]. Several ASL techniques exist, all based 
on three different spin states (equilibrium, satu-
ration, and inversion), and can also be catego-
rized as on- and off- slice tagging sequences. 
Pilot studies showed an ASL potential for distin-
guishing malignant from benign breast tissues 
(as malignant tumors had a higher water content 
than normal tissue and a higher perfusion than 
both normal tissues and benign lesions) [63] and 
a correlation between MRI perfusion values of 
breast tissue by ASL as compared to computed 
tomography perfusion [64]. Unfortunately, the 
ASL sequences for breast imaging are still under 
development, and some cannot even cover the 
whole breast. In addition, the obtained signals 
are still too weak, and reconstruction artifacts 
too strong to use it as a screening tool. It is a 
matter of time to see whether ASL can evolve 
into a technique that can replace contrast- 
enhanced breast MRI.

Metabolic imaging, predominantly proton 
MRS, is another path for exploration. It is well 
established that total choline, in particular phos-
phocholine, is elevated in breast cancer [22, 39–
42, 65]. As spectroscopic techniques improve, 
quantification of in  vivo spectra can be done 
more reliably. This replaces the criterion of see-
ing or not seeing the choline peak with more 
sophisticated quantitative criteria for judging 
whether a breast lesion might be malignant [22]. 
However, for future screening application, multi-
voxel 2D or, better, 3D techniques are needed. 
Moreover, the SNR is so low that voxels are in 
the size order of cubic centimeters, thus still not 
suitable for screening. Nevertheless, novel 
approaches to metabolic imaging, such as phos-
phorous MRS and chemical exchange saturation 
transfer (CEST) imaging, may enable much 
higher resolution levels in the near future that 
might give them access to a new platform for 
screening research [66].

4.10  Conclusions

Breast MRI is solidly established as the most 
accurate screening technique for breast cancer 
available, even though currently mainly applied 
to women at increased risk of breast cancer. 
Current state-of-the-art protocols are multipara-
metric in nature and focus on achieving both a 
high sensitivity and a high specificity. As the 
added value of additional sequences on top of 
simple T1-weighted acquisitions in a screening 
setting appears questionable and is likely not 
cost-effective, current research focuses on 
shortening of MRI protocols. Both abbreviated 
and ultrafast approaches to breast MRI allow 
acquisition within minutes without losing in 
accuracy.

Future research focuses on the use of non- 
contrast techniques for screening. DWI currently 
seems most suitable. However, so far, this tech-
nique cannot deliver the quality of screening 
obtained with contrast-enhanced techniques.
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DWI Diffusion-weighted imaging
eGFR Estimated glomerular filtration rate
FDA Food and Drug Administration
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MRS Magnetic resonance spectroscopy
NSF Nephrogenic systemic fibrosis
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5.1  Introduction

During the 1980s, unenhanced magnetic reso-
nance imaging (MRI) showed limited diagnostic 
usefulness in the evaluation of breast diseases. 

A dramatic improvement occurred in 1986, when 
the introduction of paramagnetic gadolinium- 
based contrast agents (GBCAs) [1] inaugurated 
the era of contrast-enhanced breast MRI.  More 
than 30  years after, contrast-enhanced breast 
MRI is routinely performed in clinical practice 
for all indications, except for breast implant 
integrity assessment, where unenhanced MRI 
scans remain sufficient [2–4]. Indeed, screening 
of high-risk women is now one of the main indi-
cations to contrast-enhanced breast MRI.

Analysis of five registries from the Breast 
Cancer Surveillance Consortium in the United 
States [5], across a 5-year study period  
(2005–2009), showed that screening women at 
increased risk for breast cancer was the second 
most common indication (31.7%) after the diag-
nostic workup of a non-MRI finding or of an oth-
erwise unresolved clinical finding (40.3%), 
ahead of cancer staging before treatment (16.2%) 
or other indications (11.8%). Notably, there was 
an increasing trend in breast cancer screening 
from less than 20% in 2005 to 34.5% in 2009, 
with the population-based rate of screening 
breast MRI increasing by more than five times 
from 0.8 to 4.3 breast MRI examinations per 
1,000 women from 2005 to 2009 [5]. Almost 
84% of  radiologists who responded to a survey 
from the European Society of Breast Imaging 
reported high-risk screening as a practiced indi-
cation to breast MRI [6].
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Given the importance of breast MRI screening, 
detailed knowledge of GBCAs properties and of 
their administration effects is paramount to reach 
an appropriately tailored risk-benefit balance in 
breast MRI screening practice. Such an assess-
ment should consider the fact that screened 
women are typically asymptomatic (i.e., over 
95% healthy), are required to undergo an MRI 
examination yearly, and, if at high risk, should 
begin screening at about 25–30 years of age.

In this chapter we discuss GBCAs physico-
chemical properties, GBCAs effects on diffusion- 
weighted imaging (DWI) and magnetic resonance 
spectroscopy (MRS), the incidence of acute 
adverse reactions compared with the incidence 
observed after iodinated contrast agents (ICAs) 
administration, specific issues related to GBCAs 
administration during pregnancy or breastfeed-
ing, as well as the late effects of these agents, 
including nephrogenic systemic fibrosis (NSF) 
and tissue (primarily brain) Gd retention. As a 
consequence, we propose a positive risk-benefit 
balance in favor of continuing and extending 
contrast- enhanced MRI screening of high-risk 
women. Finally, we outline possible future direc-
tions for clinical research on breast MRI as a 
screening tool for high-risk women.

5.2  Physicochemical Properties 
of GBCAs Utilized in Breast 
MRI

According to breast cancer genesis theories, a 
subgroup of breast tumor cells showing an angio-
genetic phenotype determines two phenomena: 
tumor growth and the formation of new vessels 
from neighboring vascular structures, through the 
production of pro-neoangiogenic factors, such as 
the vascular endothelial growth factor [7]. These 
new vessels show wider wall fenestrations which 
allow a permeability increase up to eight times 
that of normal breast glandular tissue. 
Furthermore, tumor interstitial space is three to 
five times larger than that of normal breast glan-
dular tissue. After intravenous injection, MRI 
contrast agents permeate outside the new vessels 
and accumulate much more within the cancerous 

tissue than in the normal glandular tissue [7]. The 
presence of GBCAs can be indirectly observed as 
a reduction of water relaxation times, particularly 
on T1-weighted images, where an increased sig-
nal intensity in tissues with a higher GBCA con-
centration (or in which a GBCA with higher 
relaxivity is present) can be appreciated [8]. In 
fact, the relaxivity of a GBCA reflects how the 
relaxation times of a solution or a tissue change 
as a function of GBCA concentration.

In clinical breast MRI, two-compartment 
(vascular/interstitial) paramagnetic GBCAs are 
used, typically at a standard dose of 0.1 mmol/kg 
of body weight, injected at a flow rate of 2–3 ml/s, 
and followed by saline flushing (20–30 ml) at the 
same flow rate [2]. These contrast agents are 
defined as “extracellular,” since they do not accu-
mulate in organs nor they penetrate cell mem-
branes, presenting a linear relationship between 
dose and tissue concentration. GBCAs are cre-
ated by chelation of a Gd atom (a rare earth 
metal) with an organic ligand which suppresses 
the high toxicity of the Gd3+ ion by preventing its 
release and subsequent cell absorption.

Paramagnetic GBCAs can be subdivided:

 1. According to the chemical structure of the 
chelating moiety, into macrocyclic GBCAs (in 
which the Gd3+ ion is caged in the pre- 
organized cavity of the ligand) or so-called 
linear1 GBCAs (in which Gd3+ is coordinated 
with an open chain ligand structure).

 2. According to the electric charge of the GBCA, 
either ionic or nonionic.

Macrocyclic GBCAs are generally considered 
more stable than linear GBCAs, while ionic lin-
ear GBCAs are more stable than nonionic linear 
GBCAs. The characteristics of GBCAs employed 
in breast MRI are summarized in Table 5.1.

1 This is a conventional term. They are not linear mole-
cules, even though they are noncyclic. We should also 
subdivide the so-called linear molecules into simple linear 
(gadopentetate dimeglumine, gadodiamide) and substi-
tuted linear (gadobenate dimeglumine) which has an aro-
matic substituent on the molecule which gives it different 
properties.

F. Sardanelli et al.
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Considering the intrinsic Gd3+ ion toxicity, the 
ligand must be highly selective for this ion and 
tightly bound to it in order to prevent its release 
into blood circulation and its possible binding to 
different cations (transmetallation). The stability 
of Gd chelates represents a very complex issue 
[9–11] and can be defined in several ways:

 1. The thermodynamic stability constant, which 
indicates the affinity of the unprotonated che-
lator for the metal ion; this parameter (which 
is determined at nonphysiological pH 14) is 
determined by the in vitro energy required for 
the metalloligand to release the ion; of note, 
when thermodynamic stability is weak, the 
chelator more readily releases Gd3+ ions.

 2. The thermodynamic conditional stability con-
stant, which is a measure of the stability of the 
complex at physiological pH (note that its 
value at pH 7.4 is always substantially lower 
than the thermodynamic stability constant).

 3. The selectivity constant which describes the 
transmetallation from a thermodynamic point 
of view (i.e., at equilibrium) and corresponds 
to the difference between the thermodynamic 
stability constants of the Gd chelate and other 
metalloligands (e.g., endogenous cations such 
as Fe3+, Ca2+, Mg2+, Zn2+, and Cu2+ ions).

 4. The kinetic rate of the metalloligands in vivo, 
estimated from their half-life dissociation.

The concept of kinetic and thermodynamic 
stability should be considered very carefully 
since it remains a somewhat controversial topic, 
especially in predicting the amount of Gd3+ ion 
which may result from dechelation in physiologi-
cal or pathological situations [11]. Other impor-
tant GBCAs characteristics are the elimination 
pathway (primarily renal, with the only exception 
of gadobenate dimeglumine which is partially 
eliminated [3–5% of the injected dose] by the 
hepatobiliary pathway) and osmolality [9]. 
Importantly, the limited amount of GBCA admin-
istered for clinical use is insufficient to affect the 
overall plasma osmolality.

There is a positive correlation between GBCA 
relaxivity and the increase in signal intensity in 
those tissues in which GBCAs preferentially 

accumulate. Most GBCAs used for breast MRI 
(gadopentetate dimeglumine, gadoterate meglu-
mine, gadoteridol, gadodiamide, gadobutrol, 
gadoversetamide) show variable r1-relaxivities at 
1.5 T, ranging from 3.6 to 5.3 l/mmol s−1. Instead, 
due to its weak and transient interaction with 
serum albumin, gadobenate dimeglumine has 
higher r1-relaxivity (6.7–7.9 l/mmol s−1 at 1.5 T) 
[12–15].

Because of this higher r1-relaxivity, gadoben-
ate dimeglumine demonstrates significantly bet-
ter diagnostic performance for detection and 
characterization of breast lesions when compared 
to GBCAs with standard r1-relaxivity [16–21]. 
Although an intraindividual study showed non- 
inferior diagnostic performance for gadobutrol 
compared to gadobenate dimeglumine for preop-
erative breast MRI [22], that study was criticized 
for its methodology and adopted assessment cri-
teria [23, 24]. A more recent study comparing a 
three-quarter dose (0.075 mmol/kg) of gadoben-
ate dimeglumine to a twofold higher dose 
(0.15 mmol/kg) of gadoterate meglumine at 3 T 
revealed significantly better breast lesion detec-
tion and characterization with the lower dose of 
gadobenate dimeglumine [25]. This was attrib-
uted to the fact that gadobenate dimeglumine has 
the highest available r1-relaxivity while gadoter-
ate meglumine the lowest. We will come back to 
the issue of dose reduction below, when outlining 
future perspectives.

Most GBCAs are formulated at a concentra-
tion of 0.5  mol/l. The only exception among 
GBCAs available for breast MRI is gadobutrol, 
which is formulated at a twofold higher con-
centration (1.0  mol/l). This means that an 
equivalent volume of the gadobutrol formula-
tion contains twice the number of GBCA mol-
ecules and that therefore the volume of 
gadobutrol necessary to achieve an approved 
dose is half that of the other available GBCAs. 
While this characteristic may be of interest for 
certain first-pass perfusion studies, for dynamic 
studies with a time resolution usually not less 
than 60 s, this higher concentration is diluted in 
the blood volume without any effect on signal 
increase. The enhancement is therefore mainly 
determined by the GBCA r1-relaxivity, assum-

F. Sardanelli et al.
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ing otherwise identical imaging conditions. 
Recent studies [26, 27] have shown that the 
diagnostic performance of the higher concen-
tration gadobutrol is similar to that of gadoter-
ate meglumine, despite slightly higher relative 
enhancement with gadobutrol. The difference 
in relative enhancement can again be attributed 
to the fact that gadoterate meglumine has the 
lowest r1-relaxivity, while r1-relaxivity of 
gadobutrol is among the highest between avail-
able standard relaxivity GBCAs.

5.3  Effects of GBCAs on 1H-MRS 
and DWI

Proton (1H) MRS can provide metabolic informa-
tion on the studied breast tissue, based on the 
presence and amount of total choline peak (tCho) 
at 3.14–3.34  ppm [28–30], which is the conse-
quence of a dysregulation of tumor cell phospho-
choline metabolism [31–33]. A significant 
reduction (about 40%) of the tCho peak after 
ionic GBCAs was observed on phantom and 
murine animal models, when compared to non-
ionic GBCAs [34]. These results were confirmed 
by an in  vivo randomized study that showed a 
tCho peak reduction of about 30% in patients 
after the administration of an ionic GBCA (gado-
pentetate dimeglumine) compared to the tCho 
peak after administration of a nonionic GBCA 
(gadodiamide) [35]. Therefore, nonionic GBCAs 
should be preferred when a 1H-MRS examination 
is planned. However, this is not an issue in a rou-
tine screening setting. In fact, despite the efforts 
of researchers, 1H-MRS remains so far only a 
tool for interesting research and has not entered 
routine clinical practice [36].

Conversely, in the last decade, DWI has 
increasingly been introduced as a routine compo-
nent of standard breast MRI protocols, with the 
aim of increasing diagnostic accuracy, especially 
specificity [3, 36, 37]. Importantly, DWI is not 
hampered by previous GBCAs administration. In 
this regard, one study showed that when using b 
values of 50, 400, and 800 s/mm2, the ADC value 
of the malignant lesions changed from 
0.90 ± 0.14  ×  10−3  mm2/s before GBCA adminis-

tration to 0.80 ± 0.14  ×  10−3  mm2/s after GBCA 
injection, with just a 11% diffusivity reduction. 
Conversely, the ADC value of benign lesions 
changed from 1.99 ± 0.37  ×  10−3  mm2/s before to 
1.97 ± 0.30  ×  10−3  mm2/s after GBCA adminis-
tration, with just a 1% (nonsignificant) diffusivity 
reduction [38].

While DWI is not overly hampered by previ-
ous GBCA administration, 1H-MRS, which 
often needs a preliminary GBCA administration 
to localize the volume of interest, appears to 
have its sensitivity for tCho peak detection lim-
ited if ionic GBCAs are used. Furthermore, apart 
from the frequently low signal-to-noise ratio of 
the tCho peak, even when obtained at 3 T [39], 
the advantage of DWI sequences over MRS (per-
formed with a single-voxel technique in most 
published studies) is that the former is pan-
oramic, allowing bilateral breast examination to 
be completed in a few minutes [36]. These 
advantages make DWI an important tool for 
future research on non-contrast breast MRI 
screening (see Chap. 4).

To summarize, while nonionic GBCAs should 
be preferred when 1H-MRS examination has to be 
subsequently performed (always considering that 
1H-MRS is not routinely used in clinical practice, 
particularly not in a screening setting), GBCA 
injection may have a positive effect on 
DWI. However, a DWI-induced increase in speci-
ficity or, more appropriately, in positive predic-
tive value (without impacting sensitivity) has not 
yet been specifically demonstrated in a high-risk 
screening setting.

5.4  Acute Adverse Reactions 
to GBCAs

Considering acute adverse reactions, contraindi-
cations to GBCAs administration in breast MRI 
screening are similar to those of other clinical 
applications. However, some particular issues 
should be taken into account.

Acute adverse reactions are categorized as 
allergic-like (also called anaphylactoid or idio-
syncratic) or physiologic (nonallergic-like) and 
are classified by the American College of 
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Radiology (ACR) [40] and the European Society 
of Urogenital Radiology (ESUR) [41] according 
to severity: mild (typically self-limiting, nonpro-
gressive, and not requiring treatment), moderate 
(commonly requiring treatment), or severe (life 
threatening, requiring immediate medical atten-
tion and treatment) (Table 5.2).

Most adverse reactions are mild physiologic 
reactions. Allergic-like reactions are uncommon 
and vary in frequency from 0.004% to 0.7% [42], 
with a mortality rate close to zero [43]. Overall, 
the incidence of acute adverse events falls 
between 0.1% and 0.45% [44, 45].

The ACR Manual on Contrast Media [40] 
states that the adverse event rate for GBCAs 
administered at clinical doses (0.1–0.2 mmol/kg 
for most GBCAs) ranges from 0.07% to 2.4%, 
while ESUR Guidelines on Contrast Agents [41] 
state that there is no difference in the incidence 
of acute adverse reactions among available 
extracellular GBCAs, also specifying that the 
incidence of adverse reactions is much lower for 
GBCAs compared to ICAs used in x-ray and 
computed tomography procedures. Studies to 
compare adverse event rates after GBCAs and 
ICAs have corroborated this statement, showing 
that the relative risk for an acute adverse reaction 
is more than five times higher for low-osmolar 
ICAs than for GBCAs, while the relative risk for 
an acute adverse reaction requiring treatment is 
almost three times higher for ICAs [46] 
(Table 5.3).

No studies have assessed the relative risk for 
adverse reactions in a breast MRI screening set-
ting yet. However, it has been shown that the inci-
dence of adverse reactions may be higher for 
female than for male patients (odds ratio 1.687) 
and that there might be a correlation between the 
incidence of adverse reactions and the number of 
previous exposures to GBCAs [45].

Specific issues relevant to the breast cancer 
screening setting include:

 1. How to manage a high-risk woman with a pre-
vious acute reaction to a GBCA which is start-
ing or continuing annual screening with 
contrast-enhanced MRI.

 2. How to manage a high-risk woman with a his-
tory of asthma or allergy to drugs or ICAs 
which is starting or continuing annual screen-
ing with contrast-enhanced MRI.

In these cases, it would seem appropriate to 
adopt one of the two elective prophylactic proto-
cols suggested by the ACR [40]:

 1. Prednisone 50 mg per os at 13, 7, and 1 h before 
contrast administration AND diphenhydramine 
50 mg per os, intramuscularly, or intravenously, 
1 h before contrast administration [47].

 2. Methylprednisolone 32 mg per os 12 and 2 h 
before contrast administration; diphenhydr-
amine 50  mg as in protocol 1 can be also 
added [48].

Table 5.2 Categories of acute adverse reactions to contrast agents

Grade Subtype Signs/symptoms
Mild 
(self-limiting)

Allergic- like Limited urticaria/pruritus, limited cutaneous edema, limited itchy/scratchy 
throat, nasal congestion, sneezing/conjunctivitis/rhinorrhea

Physiologic Limited nausea/vomiting, transient flushing/warmth/chills, headache/dizziness/
anxiety/altered taste, mild hypertension, vasovagal reaction that resolves 
spontaneously

Moderate 
(requiring 
treatment)

Allergic- like Diffuse urticaria/pruritus, diffuse erythema with stable vital signs, facial edema 
without dyspnea, throat tightness or hoarseness without dyspnea, wheezing/
bronchospasm, mild or no hypoxia

Physiologic Protracted nausea/vomiting, hypertensive urgency, isolated chest pain, vasovagal 
reaction requiring (and responsive to) treatment

Severe 
(life-threatening)

Allergic- like Diffuse edema or facial edema with dyspnea, diffuse erythema with hypotension, 
laryngeal edema with stridor and/or hypoxia, wheezing/bronchospasm, 
significant hypoxia, anaphylactic shock (hypotension and tachycardia)

Physiologic Vasovagal reaction resistant to treatment, arrhythmia, convulsions, seizures, 
hypertensive emergency

Modified from American College of Radiology 2017 [40]
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In addition, for patients with a previous acute 
reaction to GBCAs, the specific GBCA should be 
changed, ideally to one of a different class [49]. 
Above all, as with all MRI procedures, it is nec-
essary that imaging departments are adequately 
prepared to deal with adverse reactions if and 
whenever they occur [50].

When starting or continuing a yearly contrast- 
enhanced breast MRI screening program, we 
should carefully consider that (1) we are dealing 
with women who are invariably (over 95%) 
healthy, even if they are carriers of a deleterious 
BRCA mutation or other high-risk conditions, 
and (2) the effectiveness of the screening is 
dependent on being performed annually. This 
means that, if breast MRI screening is the cho-
sen approach, we should explain that a prophy-
lactic protocol will be repeated every year 
before the examination to reduce any chance of 
reactions.

In setting up an annual screening program, an 
individualized approach is necessary to ensure 
adequate women’s information. Specifically, an 

open discussion of advantages and disadvantages 
of the MRI examination is needed, especially 
considering the alternative options to GBCA 
injection, such as:

 1. Non-contrast imaging strategies combining 
mammography, digital breast tomosynthesis, 
ultrasonography (manual or automated), and 
unenhanced MRI sequences (in particular 
DWI).

 2. Breast cancer chemoprevention (see Chap. 
17).

 3. Prophylactic mastectomy and/or oophorec-
tomy (see Chap. 18).

A standardized approach is not feasible in 
these circumstances. In our view, in particular for 
BRCA1 mutation carriers, prophylactic surgery 
should be carefully considered. In high-risk 
women, the choice among all options, including 
annual performance of contrast-enhanced breast 
MRI, may require psycho-oncologic counselling 
(see Chap. 19).

Table 5.3 Acute adverse reactions (AARs): comparison between gadolinium-based contrast agents (GBCAs) and low-
osmolar iodinated contrast agents (LOICAs)

GBCAs LOICAs p-valuea

Number of doses 158,439 298,491
Total AARs 45 458
Incidence 0.028%

(0.021–0.038%)
0.153%
(0.140–0.168%)

<0.001

Relative riskb 1.00 5.40
AARs requiring treatment 15 79
Incidence 0.009%

(0.005–0.016%)
0.026%
(0.021–0.033%)

<0.001

Relative riskb 1.00 2.80
AARs requiring transfer to emergency 
department

6 10

Incidence 0.004%
(0.001–0.008%)

0.003%
(0.002–0.006%)

0.812

Relative riskb 1 0.88
Death 0

(0.000–0.002%)
1
(0.000–0.019%)

Calculations on data from Hunt et al. [44]; in parentheses, 95% confidence intervals calculated according to the bino-
mial distribution
aχ2 test
bHere we opted for calculating the relative risk instead of the odds ratio because, even though data come from a retro-
spective analysis, the authors did not enroll cases of acute reactions verifying how many of them were exposed; they 
instead analyzed two concurrent prospective series of patients exposed to GBCAs or LOICAs, evaluating how many of 
them had adverse reactions. However, in this case, due to the very small number of events compared to the number of 
exposures, the relative risk and the odds ratio gave equivalent results
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5.5  Administration of GBCAs 
During Pregnancy 
and Breastfeeding

Other specific female conditions needing to be 
considered before GBCA administration are 
pregnancy and breastfeeding. Whenever possi-
ble, a high-risk woman who is annually screened 
with contrast-enhanced MRI should plan her 
pregnancy in order to avoid a prolonged delay of 
the screening round. In case of unplanned preg-
nancy, breast ultrasonography can be used up to 
childbirth. Thereafter, breast MRI can be per-
formed, although its diagnostic performance may 
be limited by benign physiological changes dur-
ing breastfeeding. For example, abnormal rapid 
dynamic contrast enhancement may be seen in 
normal lactating breast tissue, which may mimic 
or obscure some cancer lesions. On the other 
hand, malignant lesions may show an even faster 
and stronger enhancement than the lactating tis-
sue, as well as suspicious morphologic features, 
such as rim enhancement [51]. An Italian multi-
disciplinary guideline [52] suggested to avoid 
administering gadopentetate dimeglumine, gado-
diamide, and gadoversetamide, considered at 
higher risk of nephrogenic systemic sclerosis 
(NSF), to breastfeeding women. Anyway, as we 
will see below, clinical use of these contrast 
agents for breast MRI is no longer allowed in 
Europe.

Again, in these circumstances, a personalized 
approach to patient management is needed to 
provide a tailored solution to continue breast 
MRI screening in high-risk women, in order to 
minimize the risk of a delayed diagnosis of breast 
cancer.

5.6  GBCAs Late Effects: 
Nephrogenic Systemic 
Fibrosis (NSF)—The Perfect 
Storm

The assumption that GBCAs have a uniquely 
safe profile changed in 2006, when an association 
between gadodiamide and NSF was firstly 
described [53]. The risk-benefit balance for this 

and other GBCAs became matter of a hot debate. 
NSF is not an imaging finding but a very late and 
sometimes fatal adverse reaction to GBCA expo-
sure that occurs in some patients already suffer-
ing from acute renal failure or severe chronic 
renal failure (estimated glomerular filtration rate 
[eGFR] < 15 ml/min × 1.73 m2) [41].

NSF is a scleroderma-like illness that typi-
cally presents from few weeks to years after 
exposure to one of the least stable GBCAs [54]. 
The most commonly held theory on the patho-
physiology of NSF is that Gd3+ ions dissociate 
from their chelating ligands in the interstitial 
space forming insoluble salts (e.g., phosphates 
and carbonates) which are taken up by fibro-
blasts, ultimately causing fibrotic reactions that 
result in the symptoms exhibited by sufferers 
[55]. In patients with normal or moderate renal 
function, GBCAs are excreted sufficiently rap-
idly before overt dechelation occurs. However, in 
patients with severely decreased renal elimina-
tion, the ensuing prolonged GBCA retention 
favors greater opportunity for dechelation and 
subsequent fibrosis.

Initial symptoms are primarily skin lesions 
associated with swelling and pain, particularly in 
the upper and lower extremities from the ankles 
to below the knees, usually in a symmetrical 
manner. Subsequent sclerosis involving joints 
and major organs typically leads to reduced 
movement, with resultant significant disability 
and increased mortality. Unfortunately, there is 
still no specific treatment for this disease.

In 2007–2008, many international and national 
scientific societies, together with important 
health authorities, like the Food and Drug 
Administration (FDA) and the European 
Medicines Agency (EMA), established specific 
safety policies for GBCA use. Until recently, 
according to ESUR [41], GBCAs were classified 
into three groups in terms of risk for NSF: high 
risk (gadodiamide, gadopentetate dimeglumine, 
and gadoversetamide), intermediate risk (gado-
benate dimeglumine), and low risk (gadobutrol, 
gadoterate meglumine, and gadoteridol). 
However, concerns about potential long-term 
harm from Gd retention in the brain (see below) 
prompted the EMA to suspend high-risk agents 
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for all clinical applications and to restrict the 
intermediate risk agent gadobenate dimeglumine 
to liver imaging only. Although low-risk agents 
are still available for use in breast MRI, they are 
recommended to be used with caution in patients 
with eGFR lower than 30  ml/min  ×  1.73  m2. 
While serum creatinine testing (eGFR) is not 
mandatory for low-risk agents, it is recommended 
that at least questionnaire-based renal function 
screening is performed before their injection 
[41]. In the United States, the ACR [40] classified 
GBCAs available for breast MRI as belonging to 
group I (GBCAs associated with the greatest 
number of NSF cases: gadodiamide, gadopen-
tetate dimeglumine, and gadoversetamide) or 
group II (GBCAs associated with few, if any, 
indisputable cases of NSF: gadobenate dimeglu-
mine, gadobutrol, gadoteridol, gadoterate meglu-
mine). Based on the lack of clinical evidence of 
harm associated with brain Gd retention, no 
GBCAs have been suspended from the market in 
the United States, and all are still available for 
breast MRI. While underpinned by the same evi-
dence, EMA recommendations are very different 
from the FDA and the ACR approaches.

Contraindication of the high-risk GBCAs in 
patients with severe chronic kidney disease, in 
both United States and Europe, reflects the fact 
that approximately 85% of unquestionable NSF 
cases were associated with gadodiamide, while 
the remaining others were associated primarily 
with gadopentetate dimeglumine and gadoverse-
tamide [41]. Although a recent report notes that 
three indisputable cases of NSF occurred after 
administration of the macrocyclic GBCA 
 gadobutrol [56], all others occurred after admin-
istration of a simple linear GBCA. The contrain-
dication of these three high-risk GBCAs, 
together with routine screening of kidney func-
tion and GBCA dose curtailing to no more than 
the approved one (0.1 mmol/kg of body weight), 
appears to have eliminated NSF as a current dis-
ease entity.

Notably, since 2007–2008, in many institu-
tions worldwide, serum creatinine testing (eGFR) 
became a routine practice, and GBCAs use at a 
dosage higher than 0.1 mmol/kg was limited to 
few cases. A strong decrease of the number of 

NSF cases was observed after 2009, with rare 
isolated exceptions [57], and we currently con-
sider NSF a disease of the past, as confirmed by a 
very recent systematic review reporting a total of 
639 NSF cases, only seven of them after GBCA 
exposure after 2008 [58]. In this review [58], out 
of 525 patients with documented exposure to 
GBCAs, 307 had been administered with gadodi-
amide (58.5%), 49 with gadopentetate dimeglu-
mine (9.3%), and 6 with gadoversetamide (1.1%), 
gadobutrol (0.2%), gadobenate dimeglumine 
(0.2%), multiple GBCAs (7.8%), or unknown 
GBCAs (22.9%).

The emergence of NSF was a consequence of 
a “perfect storm” [59], arising from multiple fac-
tors such as (1) a long-held belief that GBCAs 
were inherently safe even in patients with renal 
dysfunction, (2) off-label use of high (often triple 
or quadruple) doses of GBCAs particularly for 
MR angiography, and (3) late understanding of 
the link between GBCA administration and NSF, 
which mainly reflected the variable interval 
between injection(s) and disease onset. One 
important lesson from NSF is that the “available 
evidence” up until 2006 was in favor of a high 
safety of GBCAs also in patients with renal 
failure.

Discrepancies in NSF incidence between dif-
ferent countries were highlighted in 2014 by 
H.  S. Thomsen [60]. Out of about 1,600 cases 
reported to the FDA, 93% came from the United 
States, 3% came from various countries around 
the world, and the remaining 4% came from 
Denmark, the only country in which a dedicate 
national investigation has been initiated. Thomsen 
estimates that, applying the Denmark incidence 
(20 per 1 million inhabitants) to Europe and 
North America, NSF patients, all disease degrees 
included, should be around 10,000. Thus, even 
though no further cases of NSF have been 
reported after 2009, what we have seen is “the tip 
of the iceberg.” Thomsen’s conclusion has to be 
considered when discussing safety of GBCAs: 
NSF is still relevant [60].

Manifold consequences emerged in current 
practice. Among various positive effects on radi-
ologists’ clinical practice, we have seen the 
following:
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 1. Rethinking of the value of unenhanced MRI 
and better exploitation of technical tools to 
allow for accurate diagnosis without GBCA 
injection.

 2. Screening patients for renal failure when 
GBCA injection is indicated.

 3. Halting (or limiting) GBCAs administration 
in high-risk patients (those with an eGFR 
≤30 ml/min × 1.73 m2).

 4. Stopping (or curtailing) the use of GBCA 
doses higher than 0.1 mmol/kg.

 5. Administration of GBCA doses calculated as 
mmol/kg of body weight, ending the adminis-
tration of fixed GBCA volumes such as 15 or 
20 ml.

 6. Accurate description of GBCA type and dose 
for each patient in the technical section of the 
structured radiological report.

Although NSF risk seems to increase along 
with the number of doses for each examination 
and many reported cases occurred after multiple 
injections, records of the used GBCA and of the 
administered dose have often not been made 
available, making the knowledge about possible 
cumulative effects after multiple injections very 
limited [41].

To summarize, the application of screening 
policies for renal function and the use of a standard 
dose of 0.1 mmol/kg of GBCAs lowered the risk 
of NSF close to zero, even for those linear GBCAs 
related to the disease, whenever these guidelines 
were applied [61]. Depending on local regulations, 
questionnaires or mandatory serum creatinine and 
eGFR tests are required as screening for renal 
function before administering GBCAs. GBCA 
administration is contraindicated in patients with 
an eGFR below 30 ml/min/1.73 m2 [40].

These recommendations should be considered 
valid also for high-risk candidates for contrast- 
enhanced MRI breast cancer screening.

5.7  Late Effects of GBCAs: Brain 
Tissue Gd Retention

Despite the absence of new NSF cases since 
2010, concern over the risk of NSF was still rife 
when a first article appeared reporting T1-signal 

increases in the dentate nucleus and globus palli-
dus on unenhanced T1-weghted images after 
cumulative administration of gadopentetate 
dimeglumine or gadodiamide (i.e., two simple 
linear GBCAs) to patients with normal renal 
function [62]. Numerous reports based on studies 
performed in human subjects and animal models 
subsequently appeared, confirming the appear-
ance of T1-signal increases after cumulative 
administration of gadopentetate dimeglumine 
and gadodiamide but not after the administration 
of macrocyclic GBCAs. The authors of these 
studies compared only one linear GBCA and one 
macrocyclic GBCA, but titles and conclusions of 
the articles mentioned “class-based” differences 
[63]. With concern about NSF still fresh in mind, 
the assumption was that linear GBCAs release 
Gd3+ ions in a manner similar to that seen in NSF 
and that this Gd3+ is then retained in brain and 
body tissues indefinitely, likely bound to cellular 
proteins and macromolecules, leading to high 
r1-relaxivity and thus visible T1 hyperintensity. 
Conversely, it was assumed that Gd3+ is not 
released from the more stable macrocyclic 
GBCAs, hence the lack of evident T1-signal 
increases.

Although it had been known for many years 
that Gd is retained in body tissues (primarily the 
bone [64, 65]) after GBCA administration, the 
demonstration of T1-signal changes in the brain 
had a profound, discordant, and divisive effect, 
not only within the radiology community but also 
among patients and regulatory authorities. While 
no clinical manifestations or adverse clinical out-
comes related to brain Gd retention have been 
observed following repeated administration of 
any GBCA, fear and concern revolve around 
potential long-term repercussions of Gd retention 
on human health.

Regulatory authorities have responded in very 
different ways to the Gd retention phenomenon. 
The EMA, concluding a GBCAs review 
 according to data from the Pharmacovigilance 
Risk Assessment Committee, confirmed recom-
mendations to suspend marketing authorizations 
of the simple linear GBCAs (gadopentetate 
dimeglumine, gadodiamide, and gadoverset-
amide) and to restrict the use of the substituted 
linear GBCA gadobenate dimeglumine just to 
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liver imaging [66]. Then, as now, there was no 
evidence that Gd retention in the brain causes any 
harm to patients. Nevertheless, the rationale for 
this decision was “to prevent any risks that could 
potentially be associated with gadolinium brain 
deposition” [66].

Elsewhere, a very different approach has been 
adopted. Both the ACR [67] and FDA [68] have 
independently issued statements affirming their 
positions, and no GBCA has been suspended 
from clinical use in the United States.

ACR [67]:

At this time, there is no compelling evidence that 
any GBCAs, including linear ones, poses any 
safety risk with respect to brain deposition of gad-
olinium. Further, linear agents have significant and 
well-documented diagnostic utility, and in some 
instances, may have more desirable pharmacologic 
properties or a lower acute reaction risk than mac-
rocyclic agents.

FDA [68]:

An FDA review to date has not identified adverse 
health effects from gadolinium retained in the 
brain after the use of gadolinium-based contrast 
agents (GBCAs) for magnetic resonance imaging 
(MRI). All GBCAs may be associated with some 
gadolinium retention in the brain and other body 
tissues. However, because FDA identified no evi-
dence to date that gadolinium retention in the 
brain from any of the GBCAs, including GBCAs 
associated with higher retention of gadolinium, is 
harmful, restricting GBCA use is not warranted at 
this time.

The underlying message of both ACR [67] and 
FDA [68] statements is the radiologist is respon-
sible for the decision to inject a GBCA, and this 
decision should be based on a careful individual-
ized assessment of the risk-benefit ratio, which 
takes into account not only the risk of acute reac-
tions and potential late effects but also the possi-
bility of a missed diagnosis if the appropriate 
contrast-enhanced examination is not 
performed.

The clinical relevance of gadolinium brain 
deposition remains unknown. What is now clear, 
however, is that T1-signal changes can and do 
occur after administration of all GBCAs, both 
linear and macrocyclic. Although T1-signal 
increases are most frequently seen after adminis-
tration of simple linear GBCAs, changes after 

administration of macrocyclic GBCAs are 
increasingly being reported [69–74]. Moreover, it 
is well established that measurable amounts of 
Gd are retained in brain and body tissues even 
after the administration of very small doses of 
both linear and macrocyclic GBCAs [75].

As stated by the Safety Committee of the 
International Society for Magnetic Resonance in 
Medicine [76]:

Some commercially available macrocyclic agents 
might deposit less gadolinium than some linear 
agents; however, evidence shows that gadolinium 
deposition in the brain can also occur after the 
administration of macrocyclic agents. Evidence 
suggests differences in gadolinium deposition 
rates among macrocyclic agents and among linear 
agents, although some data are discordant.

The ACR [67] gives an explanation for the 
mistaken—albeit widespread—belief which 
holds that Gd retention is exclusively associated 
with linear GBCAs, pointing out that MRI is 
insufficiently sensitive to detect the changes in 
T1 signal elicited by macrocyclic GBCAs:

While less sensitive studies that rely upon visually 
observable changes in T1-weighted MRI signal do 
not suggest macrocyclic agents deposit gadolinium 
within brain tissues, more quantitative mass spec-
trometry data from multiple sources have con-
firmed that they do, albeit at lower levels. Further, 
other studies using mass spectrometry have 
revealed that gadolinium deposition rates for linear 
and macrocyclic agents vary within a given class, 
and that different chemical forms of gadolinium 
(i.e. different gadolinium complexes) appear to be 
depositing within tissues, some of which would be 
undetectable using MRI. Therefore, although MRI 
signal changes led to the observation that gadolin-
ium was being deposited in the brain, they are less 
reliable for determining the quantity of gadolinium 
deposition in general. This is particularly true for 
gadolinium species that are not detectable with 
MRI and for lower concentrations of retained 
gadolinium.

It is therefore clear that T1-signal changes 
suggestive of Gd retention are common to all 
GBCAs, even though visible effects on T1 signal 
are predominantly seen after cumulative admin-
istration of linear GBCAs. The key questions, 
which remain to be answered, relate to the form 
in which Gd is retained and to whether Gd reten-
tion entails any clinical risk. Regarding the form 
in which Gd is retained, it is possible that macro-
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cyclic GBCAs are retained intact in tissues, 
reflecting their greater stability. However, even 
here, there are differences between macrocyclic 
GBCAs in terms of retained amounts and their 
elimination speeds [77, 78]. In the case of linear 
GBCAs, there appear to be large differences 
between simple linear GBCAs and the substi-
tuted linear GBCA gadobenate dimeglumine 
[77]. Whether the T1-signal increases seen with 
linear GBCAs reflect Gd release, and its subse-
quent binding to macromolecules and cellular 
proteins, remains to be seen. This may be the case 
for simple linear GBCAs mirroring a mechanism 
analogous to that seen in NSF. However, no NSF 
cases have been associated yet with the substi-
tuted GBCA gadobenate dimeglumine; again, 
there may be differences between individual 
GBCAs within each class, with some retained as 
intact GBCA and others (principally the simple 
linear GBCAs) as a mix of intact GBCA and 
dechelated Gd bound to macromolecules.

As to whether retained Gd poses a long-term 
risk to human health, no clinical consequences 
and no neurological symptoms have hitherto 
been associated with this phenomenon. Although 
only a few years passed since the first report of 
T1 hyperintensities in the brain following GBCA 
administration [62], more than 30  years have 
passed since the first GBCA, gadopentetate 
dimeglumine, was approved for use in humans, 
and still no long-term effects have been reported, 
apart from NSF which was effectively dealt with 
by the contraindication of the simple linear 
GBCAs (see Sect. 5.6).

Studies that assessed potential long-term harm 
following GBCA administration have frequently 
focused on patients with multiple sclerosis since 
these patients typically undergo regular follow-
 up with contrast-enhanced MRI examinations 
and thus receive relatively large volumes of 
GBCA over a period of many years. Although 
one retrospective study attempted, somewhat 
tenuously, to correlate increased signal intensity 
in the dentate nucleus and globus pallidus with 
loss of verbal fluency in long-term multiple scle-
rosis patients [79], other studies revealed no evi-
dence of harm associated with Gd exposure [80, 
81]. Indeed, since multiple sclerosis is associated 

with wide-ranging and worsening neurological 
symptomatology, it is extremely difficult to dif-
ferentiate potential effects of cumulative GBCA 
administration from normal disease progression.

Another important study in patients older than 
66 years who underwent an initial non-brain/spi-
nal MRI found no effect of GBCA on the inci-
dence of parkinsonism [82]. Specifically, the 
incidence of parkinsonism was 1.16% among 
patients never exposed to GBCAs and 1.17% 
among patients exposed to GBCAs. Adjusted 
analyses showed no significantly increased risk 
of parkinsonism among patients with cumulative 
gadolinium exposure to GBCAs compared with 
those who underwent unenhanced MRI (hazard 
ratio 1.04, 95% confidence interval, 0.98–1.09]. 
This is a particularly important finding given the 
physiological roles of the dentate nucleus in the 
extrapyramidal system, including planning, initi-
ation, and control of voluntary movements [76].

Finally, in patients affected by Crohn disease, 
who also regularly undergo contrast-enhanced 
MRI and show Gd-related dentate nucleus hyper-
intensity on T1-weighted images, no resting-state 
functional connectivity changes were found [83].

Although research into potential long-term 
effects is necessary and ongoing, initial findings 
have not revealed any detrimental effects. This 
has paramount importance if routine GBCA- 
enhanced MRI is to be accepted as a screening 
procedure for women at high risk of breast 
cancer.

5.8  Self-Reported Gadolinium 
Toxicity

We should also mention a newly reported entity 
named “gadolinium storage condition” [42] or 
“gadolinium deposition disease” [84], probably 
more correctly defined as “self-reported gadolin-
ium toxicity” [85, 86]. It has been proposed as a 
possible immediate or late effect of GBCA injec-
tion, especially by gadolinium toxicity patients 
support groups. A series of chronic symptoms 
were attributed to GBCA administration: 
“clouded mentation”; headache; central, periph-
eral, and bone pain; leg and arm skin thickening; 
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and vision and/or hearing change [42, 84–87]. 
Lawsuits were filed against GBCA producers. 
However, so far, no evidence that any GBCA 
actually causes these symptoms was found.

5.9  Risk-Benefit Balance 
of GBCAs for Screening 
High-Risk Women

Aforementioned considerations outline the back-
ground against which an accurate risk-benefit 
evaluation should be made for breast MRI screen-
ing in high-risk women. We have already dis-
cussed in Sect. 5.4 how to manage high-risk 
women who had previous acute reactions to 
GBCAs. The risk of NSF is not an issue if renal 
function is appropriately screened and a GBCA 
dose of 0.1 mmol/kg of body weight is used (see 
Sect. 5.6).

Three questions in relation to tissue Gd reten-
tion must now be answered.

The first question is, Are we sure that GBCA 
injection is indispensable for MRI diagnosis of 
breast cancer? The answer is, Yes, it is. Overall, 
about one in three MR examinations includes 
contrast enhancement [57]. Rethinking GBCAs 
indications could reduce this number, thanks 
both to the refinement of non-contrast MR 
sequences and to our ability to always make bet-
ter use of them. Typical examples of these 
approaches are arterial spin labelling for brain 
perfusion, non-brain applications of DWI, and 
unenhanced magnetic resonance angiography. 
What about breast MRI screening? So far, no evi-
dence from prospective studies exists in favor of 
using non-contrast MRI for early diagnosis of 
breast cancer in a screening setting. If we want to 
screen for breast cancer using MRI in high-risk 
women, we need to inject GBCAs.

The second question is, Is the probable cumu-
lative late effect of repeated doses of GBCAs a 
relevant issue for breast MRI screening? The 
answer is, We don’t know. If we begin MRI screen-
ing at 25 or 30 years of age and continue it well 
past 50 years of age due to superior sensitivity of 
contrast-enhanced MRI [88], we are speaking of 
women who could receive over 30–40 GBCA 

doses, i.e., 3–4 mmol/kg of body weight during 
lifetime. However, as discussed in the previous 
section, we do not know whether there is any 
long-term effect of repeated GBCA exposure yet.

The routine use of GBCAs for breast MRI 
screening of high-risk women must take into con-
sideration what we know as well as what we do 
not know about tissue Gd retention. A yearly rep-
etition of contrast injection for over 30 or 40 years 
is something we should not discard as irrelevant 
because these women are at high risk. We cannot 
forget that the penetrance of BRCA1/2 deleteri-
ous mutations is not 100% (see Chap. 4). At least 
one in five of these women will not develop 
breast cancer at all.

In the absence of any demonstration of clini-
cal effects of Gd retention, we think that the risk- 
benefit ratio is in favor of contrast-enhanced 
screening MRI in high-risk women.

If imaging surveillance is chosen for women 
at high risk of breast cancer, to the best of current 
knowledge, annual contrast-enhanced breast 
MRI remains the test of choice. Due to the fact 
that these women are likely to undergo a large 
number of repeated examinations, a principal 
precaution would be to avoid simple linear 
GBCAs in those countries where they are still 
available. For other breast applications such as 
preoperative assessment or neoadjuvant therapy, 
which involve only one or a few examinations, 
diagnostic performance is likely more important 
than concerns about Gd retention. In these set-
tings, GBCAs with higher relaxivity, better able 
to visualize lesions, may be the agents of choice. 
In any case, in the MRI screening setting, the 
choice of the GBCA to use is in the radiologist’s 
hands. As is well established, the regular use of 
the same GBCA at a dose of 0.1 mmol/kg of body 
weight with a standardized injection protocol 
(see Sect. 5.3), as well as of standardized pulse 
sequences and post-processing, will facilitate the 
comparison of each new examination against 
prior examinations. In all cases, the report of 
MRI screening should record the type and the 
dose of the GBCA used.

The risk-benefit ratio could be more problem-
atic for a woman without relevant familial history 
or only dense breasts. Gd retention adds some 

5 Gadolinium-Based Contrast Agents for Breast MRI and Uncertainties About Brain Gadolinium Retention



76

concern to the doubts about the use of contrast- 
enhanced breast MRI in women at intermediate 
risk for breast cancer (see Chap. 22). We discour-
age MRI screening in women at average risk.

5.10  Future Perspectives

Continuous reevaluation of available evidence on 
GBCAs late effects is needed, in particular of 
brain Gd retention. This field requires high- 
quality multicenter studies on T1 shortening of 
human tissues as a late effect after GBCA injec-
tion, as highlighted by the United States National 
Institute of Health [89]. However, it is paramount 
to plan studies with higher methodological qual-
ity than those we have had so far, possibly pro-
spective in design and with minimized 
confounding factors, aiming to reduce the uncer-
tainties we still have in this topic.

The research road map outlined by the 2018 
NIH/ACR/RSNA Workshop [90] defined the fol-
lowing major priorities: to determine (a) if gado-
linium retention adversely affects the function of 
human tissues, (b) if retention is causally associ-
ated with short- or long-term clinical manifesta-
tions of disease, and (c) if vulnerable populations, 
such as children, are at greater risk for experienc-
ing clinical disease.

We agree on these priorities and also on the 
fact that women undergoing breast cancer screen-
ing or men undergoing prostate cancer screening 
without known central nervous system abnormal-
ity are ideal normal populations to be compared 
with a healthy unexposed population using stan-
dardized neurologic assessments. Conversely, we 
have some ethical concerns on planning studies 
aimed at evaluating signal intensity and/or T1 
relaxation times in the brain of high-risk women 
who attended MRI screening programs. We would 
risk creating anxiety in these women without 
obtaining any relevant knowledge advancement.

An interesting possible research line might be 
GBCA dose reduction. Here, the natural candi-
dates are high-relaxivity GBCAs such as gado-
benate dimeglumine (Fig. 5.1), but this research 
line could also involve gadobutrol, gadoterate 
meglumine, or gadoteridol.

In body parts other than the breast, MRI stud-
ies have already shown good diagnostic perfor-
mance of gadobenate dimeglumine administered 
at 75% of the standard dose (0.075 mmol/kg) for 
brain examinations [91], half the standard dose 
(0.05  mmol/kg) for the evaluation of kidney 
lesions [92] or for non-cirrhotic liver assessment 
[93], or a quarter of the standard dose (0.025 mmol/
kg) for the evaluation of abdominal MRI at both 3 
and 1.5 T [94, 95]. GBCA dose reduction in breast 
MRI has been explored by Paola Clauser and 
coworkers [25]. They reported on 104 women 
with 142 histologically verified breast lesions 
(109 malignant, 33 benign) using 0.75 mmol/kg 
of gadobenate dimeglumine at 3  T.  The three 
readers showed a sensitivity/specificity perfor-
mance of 95%/76%, 92%/73%, and 93%/88%.

Even the old simple adjustment of the contrast 
dose for the patient’s body weight may be 
changed into adjustments for body composition, 
considering that different proportions of fat and 
muscle imply different biodistribution volumes 
for extracellular contrast agents [96], a perspec-
tive that could reduce GBCA doses in postmeno-
pausal women.

We should not forget that more than 40 doses 
are expected to be injected if MRI screening 
starts at age 25–30 and continues at least up to the 
upper limit of typical mammography screening 
programs in Europe (70–74  years of age). 
Therefore, especially for women who are not 
mutation carriers and have a comparatively lower 
lifetime risk, intervals between MRIs longer than 
1 year might also be explored.

MRI screening in high-risk women still 
remains a research field of primary interest with 
profound implications beyond the world of breast 
cancer prevention, diagnosis, and care.

While abbreviated contrast-enhanced proto-
cols, unless performed with reduced contrast 
doses, do not reduce the concerns about Gd reten-
tion, the most intriguing future scenario for breast 
MRI screening is to bypass contrast agent admin-
istration. Unenhanced MRI protocols (mainly 
based on DWI and T2-weighted short-tau- 
inversion- recovery or turbo-spin-echo sequences) 
[97–100] were investigated with interesting 
results, especially for mass-type lesions. 
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Fig. 5.1 A 54-year-old woman with pathologically diag-
nosed invasive lobular carcinoma. Mammography: 
Craniocaudal (a) and mediolateral oblique (b) views show 
irregular mass in the lower outer quadrant (arrow in a and 
b). The patient had an estimated glomerular filtration rate 
of 55 ml/min × 1.73 m2. Due to concerns regarding the 
risk of nephrogenic systemic fibrosis, half dose of gado-
benate dimeglumine (0.05 mmol/kg) was used. (c) Axial 
maximum intensity projection shows unifocal mass 
enhancement (straight arrow) with a 21  mm diameter. 

Asymmetric vascular maps are well defined, also showing 
feeding vessels. Suspicious axillary lymph node (curved 
arrow) was also detected. At pathologic examination, 4 of 
15 dissected lymph nodes were positive for tumor metas-
tasis. (d) Graph shows washout dynamic curve (on x-axis, 
time reported as min:s; on y-axis, percentage of signal 
intensity increase) (Reproduced with permission from: 
Carbonaro et  al., AJR Am J Roentgenol 2011 [16]. 
Request of permission submitted to the publisher (ARRS) 
on Jan 14, 2019)

a b

c
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However, lesion conspicuity and visibility was 
reduced in unenhanced sequences, and no pro-
spective study using unenhanced MRI screening 
protocols has been published so far.

Thus, we confirm the indication for yearly 
GBCA-enhanced breast MRI screening for high- 
risk women. While waiting for clinical application 
of new approaches, a word of caution should be 
said on the introduction of breast MRI screening 
for non-high-risk women. Possible late effects of 
dozens of GBCA injections pose the following 
dilemma: the absence of evidence is not the evi-
dence of absence but also that the evidence of 
presence is not an evidence of harm. When offer-
ing breast MRI screening, we must always inform 
women about the risk-benefit balance; for non-
high-risk women, we must also strive to communi-
cate a higher grade of uncertainty, as a transparent 
approach fostering patient empowerment [101].
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Abbreviations

ACR  American College of Radiology
ADC Apparent diffusion coefficient
BI-RADS  Breast Imaging Reporting and Data 

System
BPE Background parenchymal enhance ment
DWI Diffusion-weighted imaging
MRI Magnetic resonance imaging
PPV Positive predictive value
US Ultrasonography/Ultrasound

6.1  Introduction

Contrast-enhanced magnetic resonance imaging 
(MRI) is the imaging method with the highest 
sensitivity for breast cancer detection, reported to 
be between 71% and 100% by high-risk screen-
ing studies [1]. Breast MRI is not limited by 
breast density [2–4] and does not make use of 
radiation. MRI is not only able to identify the 

majority of invasive and in situ carcinomas, but it 
also shows several benign lesions that might not 
be evident on mammography and ultrasound. In a 
screening setting, it is of outmost importance to 
be able to differentiate benign from suspicious 
findings, in order to avoid unnecessary follow-up 
controls or biopsies. Although good, specificity 
values for breast MRI, ranging from 75% to 98%, 
were reported to be lower as compared to mam-
mography, a limitation counterbalanced by the 
higher sensitivity of MRI [1]. Currently, MRI is 
indicated as the screening modality of choice in 
high- risk women, usually along with mammog-
raphy [5–8].

The American College of Radiology Breast 
Imaging Reporting and Data System (ACR 
BI-RADS), now available as fifth edition [9], 
was firstly introduced in the early 1990s in order 
to standardize terminology, report organization, 
assess the structure, and give a classification 
system for breast imaging; in 2003, a section 
dedicated to breast MRI was also added to the 
fourth edition [10]. The BI-RADS lexicon has 
also been used to report on MRI performed in 
high-risk women, with the aim of facilitating 
management and allowing comparisons of MRI 
versus mammography and ultrasonography 
(US), as well as comparisons across different 
studies.

Despite the high sensitivity and specificity of 
breast MRI, in particular for the characterization 
of mass lesions, there are still open issues for the 
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application of BI-RADS, in particular in the 
screening setting: the difficulty in interpreting 
moderate and marked background parenchymal 
enhancement (BPE) and the management of 
probably benign findings, i.e., the use of the 
BI-RADS 3 diagnostic category.

6.2  MRI BI-RADS and Its Use 
in the General Population

After the introduction of a dedicated lexicon for 
breast MRI [10], most of the diagnostic perfor-
mance studies used the BI-RADS for lesion clas-
sification and evaluation of diagnostic 
performance. In fact, the BI-RADS lexicon is 
easy to introduce into clinical practice and allows 
a high accuracy for lesion detection and charac-
terization [11]. The breast radiologist can chose 
one of seven diagnostic categories, from 0 to 6 
(Table 6.1), which define different levels of risk 
and suggest different management for the findings 
[9]. Of note, these categories can be applied to an 
individual lesion, to one breast, or to one patient 
overall.

The general application of BI-RADS is not 
trivial and is related to the operational nature of 
these categories. For instance, when you are stag-

ing an already known cancer, if you do not detect 
any other finding suspicious for an ipsilateral or 
contralateral additional lesion, the examination 
should be categorized as BI-RADS 6; however, if 
you find an additional lesion deserving biopsy, 
the examination will become BI-RADS 4 or 5.

Since the first editions, one of the main 
BI-RADS limitations has been the relatively low 
reproducibility and its moderate inter-reader 
agreement for different aspects of the lexicon 
[10, 13–15]. In particular regarding the evalua-
tion of breast density and BPE, inter-reader 
agreement has been reported to be only from fair 
to moderate [13, 14]. The largest source of dis-
agreement is in the application of lesion descrip-
tors [13, 14]. Despite this variability, the studies 
also showed a good agreement in terms of man-
agement of suspicious findings, irrespectively of 
their description and also initial classification 
(notably, irrespectively of whether a suspicious 
finding is classified as BI-RADS 4 or 5, its man-
agement remains the same, i.e., to send the 
patients to needle biopsy) [13, 14].

The highest variability, both in lesion descrip-
tion and in management, has been found for the 
assessment of probably benign lesions, classified 
as BI-RADS 3 [13, 14]. As reported by Lars 
J. Grimm and coworkers [14], when readers were 
asked to decide on the benign or malignant nature 
of a BI-RADS 3 finding, a wide discrepancy was 
seen. This is probably related to the fact that, as 
stated in the BI-RADS, “the use of category 3 
assessment at MRI remains intuitive” [12]. This 
variability implies also a widely variable man-
agement for women with probably benign 
lesions, ranging from controls in screening inter-
vals to biopsy.

Of note, the BI-RADS is not only currently 
used worldwide. It has been an example followed 
by similar reporting systems adapted for other 
organs, such as prostate and liver [16, 17].

As already underlined, BI-RADS categories 
define different levels of risk (Table  6.1) [9]. 
There is a wide variability in the level of risk 
within the BI-RADS 4 category. Beginning with 
the fourth edition [10], a subcategorization that 
divided BI-RADS 4  in three further groups has 
been introduced: BI-RADS 4A (>2% but ≤10%, 

Table 6.1 Description of the American College of 
Radiology Breast Imaging Reporting and Data System 
(ACR BI-RADS) classification system for breast MRI [12]

Category
Clinical 
meaning

Level of 
risk

Suggested 
management

0 Inconclusive 
findings

Unknown Further 
imaging

1 Normal 
breast, no 
lesions

Essentially 
0%

Control in 
screening 
interval

2 Benign lesion Essentially 
0%

Control in 
screening 
interval

3 Probably 
benign lesion

>0% but 
≤2%

Control within 
6 months or 
biopsy

4 Suspicious >2% but 
<95%

Biopsy; if 
benign, control

5 Highly 
suspicious

≥95% Biopsy; if 
benign, repeat

6 Known breast 
cancer

– To therapy
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low suspicion for malignancy), BI-RADS 4B 
(>10% but ≤50%, intermediate suspicion for 
malignancy), and BI-RADS 4C (>50% but <95%, 
moderate concern but not classic for malignancy). 
This risk stratification is important in the defini-
tion of clinical management after biopsy. In clini-
cal practice, a benign histopathological result will 
be concordant with a BI-RADS 4A lesion but not 
for a BI-RADS 4C finding. In the latter, re-biopsy 
or surgical excision may be indicated. The intro-
duction of this stratification was possible, thanks 
to the extensive amount of literature available 
analyzing mammographic and sonographic fea-
tures of breast lesions [18–21].

The same stratification proved to be more dif-
ficult for breast MRI. First of all, MRI is a rela-
tively new technique, compared to mammography 
and ultrasound, and its widespread introduction 
in breast imaging relatively recent [22, 23]. 
Furthermore, it is only in the last two decades 
that strong efforts have been made in order to 
ensure the use of standardized protocols [7, 8, 
24]. Thus, the variability in image acquisition 
and terminology in the first years of research in 
breast MRI made a systematical evaluation of 
imaging features difficult. At the same time, 
MRI is an evolving technique, with new imaging 
features and sequences in constant analysis and 
development [25]. Roberta M.  Strigel and 
coworkers [26] were recently able to stratify the 
risk of malignancy for BI-RADS 4 findings in 
more of 90% of the initially MRI BI-RADS 4 
lesions found during screening in high-risk 
women. Using this risk stratification, they 
obtained a PPV with MRI that met the ranges set 
in BI-RADS for mammography and ultrasound, 
proving the feasibility of risk stratification also 
in breast MRI. In 8.5% of the cases, the readers 
were not able to further categorize the finding, 
indicating there is still place for improvement in 
image interpretation. Of note, in their work, they 
did not specify which imaging features indicated 
higher or lower probability of malignancy but 
rather stated that categorization was done at dis-
cretion of the interpreting radiologist on the 
basis of personal experience and on the known 
PPV of established MRI descriptors [26]. It is 
likely that the increasing amount of evidence 

available and the identification of further lesion 
features will allow this risk stratification to be 
introduced also in the MRI BI-RADS [26–29]. 
The additional use of DWI and the measurement 
of ADC values could be also a valuable addi-
tional tool in the categorization of suspicious 
breast findings [11, 30, 31].

6.3  Performance of MRI BI-RADS 
in High-Risk Screening

The vast majority of studies that analyzed the 
usefulness of breast MRI as a screening modality 
in high-risk women used the BI-RADS lexicon 
for lesion classification [3, 4, 32–39]. Careful and 
repeatable evaluations along with clear indica-
tions regarding the management are of particular 
importance in a screening setting. The positive 
predictive value (PPV) of a series of breast MRI 
screening studies applying BI-RADS is shown in 
Table 6.2, along with the recall rate, if reported. 
However, we should consider here that criteria 
for calculating these indices were not always the 
same in these studies.

One first methodological point is how dichot-
omize the BI-RADS classes into negative or pos-
itive results, i.e., how to classify BI-RADS 0 and 
BI-RADS 3 (BI-RADS 1 and 2 are certainly 
negative; BI-RADS 4 and 5 are certainly posi-
tive). The reader can note in Table 6.2 that some 
studies considered the BI-RADS 3 category as 
negative, and others considered the same cate-
gory as positive. This difference partly explains 
the different reported PPVs. This is not a trivial 
point.

It is generally accepted that in a diagnostic 
setting (i.e., in symptomatic patients), a BI-RADS 
3 can be included among negative results. The 
principle here is that if, in the presence of symp-
toms, we could postpone further assessment up to 
6  months (as per BI-RADS 3 category defini-
tion), we consider the overall case as not suspi-
cious to deserve immediate workup. Thus, the 
case is more negative than positive. Conversely, 
in a screening setting, planning further assess-
ment up to 6 months after is a relevant deviation 
from sending the woman to the next screening 

6 Applying the MRI BI-RADS in a High-Risk Population



86

round. It is a recall (even not immediate but post-
poned). The case is more positive than negative. 
The difference is given by different disease prev-
alence between the two settings: higher in the 
diagnostic setting and lower in the screening 
setting.

However, this way of reasoning firmly holds 
when we compare a diagnostic setting with 
screening mammography in the general popula-
tion, with a disease prevalence extremely differ-
ent, suppose 5%, 10%, or 20% and 0.3%, 
respectively. High-risk screening always implies a 
low prevalence, but also ten times higher than that 
of screening mammography in the general popu-
lation, suppose over 3% (as reported in the 
HIBCRIT study [4]). In the presence of a strongly 

increased underlying risk with associated high 
speed of cancer growth (such as in BRCA, espe-
cially BRCA1, mutation carriers), the decision to 
postpone the assessment up to 6 months is more a 
negative judgment than a positive one. Thus, the 
attribution of BI-RADS 3 in the context of screen-
ing studies on women with an increased risk of 
breast cancer can be a matter for debate. The risk 
stratification is here a key aspect: higher the risk, 
more negative should be the impression of a 
BI-RADS 3 findings. Sensitivities, specificities, 
and predictive values require dichotomization, 
i.e., in these conditions, a forced simplification. 
Receiver operating characteristics analysis can 
offer here a more appropriate approach.

Important to note in this context (and reinforc-
ing the concept of BI-RADS 3 as negative in the 
high-risk women) is the possibility that malig-
nant lesions in this population present at mam-
mography and US with features that suggest 
benignity and would not, per se, prompt biopsy 
[40, 41]. Cancer types that are more frequently 
encountered in women with a BRCA1 mutation 
might present at mammography and US as round 
or oval masses, with relatively smooth margins 
and only slightly inhomogeneity on US [41–43]. 
This is a rather common appearance for aggres-
sive, fast-growing tumors in the absence of sub-
stantial desmoplastic reaction around the lesion 
[41, 44]. While these lesions might pose a diag-
nostic dilemma in mammography and ultrasound, 
the same does not seem to be true for breast 
MRI. A careful evaluation not only of shape and 
margin of the lesions but also of the enhancement 
characteristics, of kinetic curve of enhancement, 
and of associated non-enhancing findings, as 
according to BI-RADS [12], allows for a good 
lesion characterization and a correct classifica-
tion [43, 45, 46]. This implies that some appar-
ently benign findings should be diagnosed as 
BI-RADS 4 and biopsied.

These theoretical and practical problems are 
important for the comparability of screening 
studies of women at increased risk of breast can-
cer. As also explained in Chap. 15, specificity 
tends to reach very high levels in all screening 
programs due to the very high probability of true 
negatives. Thus, a different way to evaluate the 

Table 6.2 Recall rate and positive predictive value 
according to major published studies investigating MRI as 
a screening tool in women at increased risk for breast 
cancer

Study
Screened 
women

Recall 
rate

Positive 
predictive value

Kuhl et al. 
(2005) [34]

529 NR 50.0% for 
BI-RADS 4 and 5

Leach et al. 
(2005) [32]

649 10.7% 7.3% for 
BI-RADS 0, 3, 4, 
and 5

Lehman et al. 
(2007) [35]

171 24.0% 42.8%a for 
BI-RADS 3, 4. 
and 5

Kuhl et al. 
(2010) [3]

687 NR 48.0% for 
BI-RADS 4 and 5

Sardanelli 
et al. (2011) 
[4]

501 NR 56.0% for 
BI-RADS 4 and 5

Chiarelli 
et al. (2014) 
[36]

2,150 15.1% 7.1% for 
immediate further 
testing

Riedl et al. 
(2015) [37]

559 NR 19.7% for 
BI-RADS 4 and 5

Narayan et al. 
(2016) [38]

235 27.9% 4.2% (PPV1), 
6.7% (PPV2), 
10.8% (PPV3)

Healy et al. 
(2016) [39]

715 10.9% NR

NR not reported
PPV1 positive predictive value 1 = cancers/(cancers + fur-
ther assessments or recalls)
PPV2 positive predictive value 2  =  cancers/(cancers + 
biopsies recommended)
PPV3 positive predictive value 3  =  cancers/(cancers + 
biopsies performed)
aPPV of biopsies performed based on MRI
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weight of false positives is to calculate the recall 
rate. It includes the false positives and the true 
positives related to the number of women 
screened. Being usually the false positives much 
more than the true positive, the recall rate gives a 
practical measure of the impact of false positive 
on the screening program.

A more efficient way to consider false posi-
tives is to differentiate PPVs into PPV1, PPV2, 
and PPV3. While the numerator is always the 
number of cancers finally found, the PPV1 con-
siders at the numerator all the cases recalled for 
further workup, the PPV2 the cases for which 
biopsy has been recommended, and the PPV3 
only the cases for which biopsy has been per-
formed. This approach gives us a more detailed 
description of the impact of false positives on the 
women screened. Bethany L. Niell and cowork-
ers [47] reported on “auditing a breast MRI prac-
tice” presenting data on 2,444 examinations, 
1,313 for screening, and 1,131 for diagnostic 
indications. Their interesting results are summa-
rized in Table 6.3. The reader can appreciate the 
basic difference in using MRI in a diagnostic or a 
screening setting.

BI-RADS 0, the category of “inconclusive 
findings” for which further not postponed imag-
ing is required, is usually considered a kind of 
positive result in both the diagnostic and the 
screening setting [47].

Finally, we should consider that, as also in 
non-high-risk women, while MRI BI-RADS 
descriptors are very helpful for the characteriza-
tion of mass enhancements (in particular when 
the lesion diameter is equal to or greater than 
5  mm), the same is not true for foci (less than 
5 mm in diameter) and non-mass enhancement. 
Of note, the term focus has to be used when the 
small lesion (less than 5 mm in diameter) cannot 
be morphologically characterized due to insuffi-
cient spatial resolution; when it has suspicious 
features, the term mass should be preferred.

6.4  Background Parenchymal 
Enhancement in High-Risk 
Screening

The BPE is defined as the enhancement of the 
normal fibroglandular tissue of the breast [12]. 
Its presence is usually related to hormonal stim-
ulation, and it shows fluctuations related with 
the hormonal phase [48–50]. According to the 
BI-RADS lexicon, BPE is classified in four cat-
egories, as is for breast density. These four cat-
egories are minimal, mild, moderate, and 
marked [12].

The intensity of BPE is not related to the den-
sity of breast parenchyma, which means that a 
woman with very dense breasts might not have a 
strong BPE on MRI.  Being strongly related to 
hormonal stimulation, BPE tends to be more fre-
quently seen in younger women [48, 50, 51]. 
Because high-risk women have to start screening 
at a young age, BPE is a rather common finding 
in this women subgroup.

BPE is usually symmetric, and it can be easily 
distinguished from a pathologic non-mass 
enhancement, as it generally lacks the distribu-
tion and the internal patterns typical of suspi-
cious lesions [52]. However, when BPE appears 
with atypical distribution or features, it is diffi-
cult to safely discard it as non-suspicious. In 

Table 6.3 Performance of breast MRI in the screening 
and diagnostic setting (data from Bethany L. Niell and 
coworkers [47])

Screening
(n = 1,313)

Diagnostic
(n = 1,131)

Overall
(n = 2,444)

Cancer detection 
rate

1.4% 4.7% 2.9%

BI-RADS 3 21% 28% 24%
Positive results 
(BI-RADS 0, 4, 
and 5)

12% 17% 14%

PPV 1 12% 28% 21%
PPV 2 24% 36% 32%
PPV 3 27% 38% 35%

PPV1 positive predictive value 1 = cancers/(cancers + fur-
ther assessments or recalls)
PPV2 positive predictive value 2  =  cancers/(cancers + 
biopsies recommended)
PPV3 positive predictive value 3  =  cancers/(cancers + 
biopsies performed)
For cancer detection rate, BI-RADS 3, positive results, 
and PPV1, comparisons between screening and diagnostic 
setting with p < 0.001. For PPV2 and PPV3, only a trend 
for significance can be observed (p = 0.079 and p = 0.103, 
respectively, χ2 test)
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these selected cases, a short-term follow-up 
within 2–3 months, carefully considering the hor-
monal phase, can be considered as adequate [42, 
53, 54]. The availability of previous examina-
tions for comparison can be useful in order to 
avoid unnecessary controls. Also, the evaluation 
of mammographic and US images, when avail-
able, could be of help in defining a diagnosis.

Several studies already showed that the pres-
ence of BPE does not reduce the sensitivity of 
breast MRI. Even in a breast MRI with marked 
BPE, a malignant lesion is usually recognizable 
and distinguishable [53–55]. Rather than hide a 
suspicious lesions, moderate and marked BPE 
might complicate lesion evaluation and increase 
the number of additional unclear or probably 
benign MRI findings [54, 55].

6.5  Probably Benign Lesions: 
How to Manage Them?

Probably benign lesions (BI-RADS 3 diagnostic 
category) are described by the BI-RADS as find-
ings with a “≤2% likelihood of malignancy but 
greater than the essentially 0% likelihood of 
malignancy of a characteristically benign find-
ing” [9]. The lexicon continues by stating that “a 
probably benign finding is not expected to change 
over the suggested period of imaging surveil-
lance, but the interpreting physician prefers to 
establish stability of the finding before recom-
mending management limited to routine breast 
screening” [9]. This means, there are no specific 
lesions and no defined characteristics that allow 
to univocally identifying a finding as probably 
benign. Rather, a lesion is classified as BI-RADS 
3 when it lacks of clearly benign characteristics 
and, at the same time, does not present features 
that hint at a malignant finding (Fig.  6.1). The 
attribution of BI-RADS 3 category, in particular 
in breast MRI, is intuitive, practically resulting 
from the inappropriateness of the other catego-
ries, in particular the two closest in the ordinal 
ranking, BI-RADS 2 and BI-RADS 4.

In one of the first studies on this topic, pub-
lished before the introduction of the MRI 
BI-RADS, Laura Liberman and coworkers [56] 

indicated a variety of MRI findings as probably 
benign, ranging from small masses to regional 
non-mass enhancement. In this work, 24% of the 
lesions found in a group of 367 high-risk women 
were categorized as probably benign and 10% 
finally proved to be malignant. Subsequent works 
found that the BI-RADS 3 category is used to 
classify from 6.6% to 24% of the lesions [42, 
56–59] and that malignancy is found from 0.6% 
to 10% of the cases [42, 56–59]. What are the 
factors explaining this variability? Which are the 
findings most often classified as BI-RADS 3? 
Which criteria can help guide the management?

Probably benign MRI findings are commonly 
areas of non-mass enhancement, small mass 
enhancement difficult to characterize due to 
small dimensions, and foci. Non-mass enhance-
ment remains one of the biggest issues when 
applying BI-RADS [60]. In the absence of a dis-
tribution and an internal pattern typically suspi-
cious, there is a lack of additional features that 
can help in the differential diagnosis. For exam-
ple, while a persistent enhancement (type 1 
dynamic curve) is strongly suggestive for benig-
nity in mass lesions, the same is not true for non-
mass enhancement [46, 56]. Also, a correlation 
with lesion appearance on T2-weighted images 
rarely helps in the characterization.

In order to avoid unnecessary biopsies or 
short-term follow-up, the comparison with pre-
vious examinations and with other imaging 
modalities (mammography and US) is impor-
tant, especially in high-risk patients. In the pres-
ence of a probably benign finding, an MRI-based 
targeted (so-called second-look) US might help 
clarify the nature of the lesion as well as guide 
biopsy in the presence of suspicious findings 
[61, 62].

Foci are described by the BI-RADS as “small 
dots of enhancement that are unique and stand 
out from the BPE. They are too small to be accu-
rately assessed with respect to margin or internal 
enhancement” [12] (Fig.  6.2). Several studies 
addressed the issue of the malignancy rate of foci 
in the general population and in high-risk 
patients. In many studies, also lesions with a cor-
relate on T1- and T2-weighted imaging were 
assessed. The reported malignancy rate is highly 
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variable, from 0.6% to 23% [59, 63–68]. When 
the BI-RADS definition of focus is strictly fol-
lowed, malignancy rate falls closer to 2% [63, 67, 
68]. Of note, no significant difference between 
malignancy rates in the general population and in 
high- risk women were observed [63, 68].

The most helpful feature to be considered 
when evaluating a focus remains the comparison 
with previous examinations. Foci that do not 
show changes from 1  year to the other do not 
need to be followed up outside regular screening 
examination. On the other hand, a focus that 
newly appears (i.e., it was not visible the year 
before) or grows in size should be considered for 
biopsy. However, it must be remembered that, 
while growth is highly indicative of malignancy, 

in the absence of previous examinations and for 
new appearing foci, in more than 90–95% of the 
cases, a biopsy will show benign findings.

A final consideration must be done on the use 
of BI-RADS 3 category in high-risk women. As 
compared to the general population, these women 
present often with more aggressive cancers and at 
a younger age. Early diagnosis is of outmost 
importance [69]. Thus, caution should be always 
used when deciding to choose follow-up over 
biopsy in this category of women.

Sona A.  Chikarmane and coworkers [70] 
found that the cancer rate for lesions initially 
classified as BI-RADS 3 in high-risk women was 
higher as compared to the cancer rate of the gen-
eral population. Further, in this study, the only 

a b

c

Fig. 6.1 A 48-year-old woman with BRCA1 mutation 
and personal history of invasive ductal carcinoma in the 
right breast. MRI showed a small, oval mass enhancement 
with partially circumscribed margins and heterogeneous 
internal enhancement (arrow in a and b). The lesion was 

classified as BI-RADS 3, and the patient underwent 
second- look ultrasound. On ultrasound (c), a hypoechoic, 
oval lesion was found, corresponding to the MRI finding. 
US-guided biopsy was performed, and histology showed 
an invasive carcinoma of no special type
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malignant lesions initially classified as BI-RADS 
3 were found in high-risk women or in women 
with a personal history of breast cancer. Thus, 
risk factors should be considered when deciding 
the clinical management of a woman with a prob-
ably benign finding on breast MRI [42, 56, 70].

In other studies, the percentage of lesions 
classified as BI-RADS 3 was lower, generally 
below 10%, with cancer rates below 2% [59, 71, 
72]. Several explanations can be given: the 
improvement in hardware and software and the 

subsequent increase in image quality, the 
increased experience with breast MRI, and the 
wider knowledge available on MRI lesion fea-
tures. An increased experience with breast MRI 
allows to more safely indicate a lesion as benign 
or suspicious and thus allows for a reduction in 
the number of findings classified as BI-RADS 3.

As well as for women at average risk, also in 
high-risk women, each MRI finding not clearly 
benign should be correlated with the other imag-
ing available, usually mammography and US 

a b

c

Fig. 6.2 A 49-year-old woman with a positive family his-
tory for breast cancer. Breast MRI showed a focus in the 
right breast (arrow in a), classified as BI-RADS 3. The 
patient returned after 1 year. The focus increased in size 
and appeared as a focal, heterogeneous non-mass enhance-
ment, classified as BI-RADS 4 (arrow in b). No lesions 

were found at US. At second-look digital breast tomosyn-
thesis (arrow in c), an area of architectural distortion with 
pleomorphic calcifications was detected. Tomosynthesis- 
guided vacuum-assisted biopsy was performed, and his-
tology showed a ductal carcinoma in situ
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(Figs. 6.3 and 6.4). This can help in defining the 
nature of the lesions and guiding the manage-
ment [73–77]. When correlating imaging modali-
ties, it must be remembered that MRI is more 
sensitive than mammography and ultrasound. 
This means that the absence of findings on mam-
mography as well as a negative targeted US do 
not exclude malignancy [61, 76].

6.6  Conclusions

The BI-RADS has been and is currently a great 
asset for the radiological world, besides the bor-
ders of breast imaging. In fact, although dedi-
cated to this special field, it opened a general 
trend toward a more standardized and structured 
way of reporting [78], which produced, as already 
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Fig. 6.3 A 61-year-old woman with BRCA2 mutation. 
MRI showed a focal, non-mass enhancement with a type 
2 curve (arrow in b, curve shown in c) corresponding to an 
architectural distortion on unenhanced images (arrow, a), 
BI-RADS 4. No lesions were found at US. On the second 

look of digital breast tomosynthesis (d), an oval mass with 
linear microcalcifications was found. Tomosynthesis- 
guided vacuum-assisted biopsy showed an invasive carci-
noma of no special type with ductal carcinoma in situ
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a b

c d

e f

Fig. 6.4 A 46-year-old woman with a positive family his-
tory for breast cancer. MRI showed two heterogeneous 
round mass enhancements, with irregular margins (arrow 
in a and b), hyperintense on T2-weighted sequences 
(arrow in d). Further lesions with similar characteristics 
were found in the external quadrant of the same breast 

(arrow in c). All lesions were classified as BI-RADS 4. At 
targeted (second-look) US (e and f), all lesions corre-
sponded to round or irregular hypoechoic lesions with 
non-circumscribed margins. US-guided biopsy showed a 
multicentric triple negative invasive carcinoma
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mentioned, similar systems for other fields of 
radiology. It was probably not by chance that this 
 pioneering role has been played by breast radiol-
ogy, including MRI in the system about 15 years 
ago. The double role of screening and diagnostic 
examination that imaging modalities played since 
the 1960s in breast imaging is an important rea-
son for this. We firstly faced epidemiological 
issues for screening, the difficult dilemma 
between increasing sensitivity and lowering the 
recall rate, as well as overdiagnosis.

The concept of risk stratification is obviously 
behind the practice of high-risk screening with 
MRI.  This concept also holds when applying 
BI-RADS to high-risk women. We should always 
remember that the PPV of whatever test depends, 
in terms of Bayesian statistics, not only on its 
(our?) sensitivity and specificity but also on the 
disease prevalence and on the pretest probability 
and that this dependence becomes stronger and 
stronger when this probability is very high or 
very low [79]. In practice, the higher the risk the 
woman has, the more cautious should we be in 
deciding for follow-up instead of biopsy.
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Abbreviations

3D Three-dimensional
3TP  Three-time-point
ANN Artificial neural network
ASM  Angular second moment
AUC  Area under the curve
BI-RADS  Breast Imaging Reporting and Data 

System
CAD Computer-aided detection/diagnosis
CADD  Computer-aided detection and 

diagnosis
CADe  Computer-aided detection
CADx  Computer-aided diagnosis
CAE  Computer-aided evaluation
CNN Convolutional neural networks
DCE  Dynamic contrast-enhanced
LDA Linear discriminant analysis
LOO  Leave-one-out
MRI  Magnetic resonance imaging
PK  Pharmacokinetic
ROC  Receiver operating characteristic
ROI  Region of interest
SER Signal enhancement ratio
SVM Support vector machines

7.1  Introduction

Computerized support systems for mammogra-
phy have been commercially available for many 
years and are used widely for diagnostic support 
and as a second reader. For mammographic sys-
tems, the term computer-aided detection (CADe) 
is typically used to denote a system that detects 
suspicious lesions while the term computer-
aided diagnosis (CADx) is used to describe sys-
tems that provide an estimate of the probability 
that a detected lesion is cancer. The acronym 
“CAD” can indicate computed- aided detection, 
computed-aided diagnosis, or both. For breast 
MRI, the challenges are somewhat different. A 
typical MRI breast exam can result in thousands 
of image slices being acquired; images are volu-
metric and can be acquired in different planes; 
and there are multiple sequences, each of them 
resulting in a different tissue contrast, while 
dynamic contrast-enhanced (DCE) sequences 
provide additional temporal information. 
Computerized support systems are needed to 
help the radiologist to navigate through these 
images effectively. The high signal intensity in 
cancerous lesions that results from contrast 
enhancement provides excellent sensitivity, but 
the presence of many enhancing benign lesions 
and, in some cases, enhancing parenchymal tis-
sue means that the differentiation between 
malignant and benign lesions is a difficult task. 
This chapter divides computerized decision sup-
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port systems for breast MRI into three main cat-
egories: computer-aided evaluation (CAE) 
systems, which provide improved visualization 
of the image data and support the radiologists 
workflow; computer-aided diagnosis (CADx) 
systems, which provide an estimate of the prob-
ability of a specific lesion being a cancer; and 
computer- aided detection and diagnosis 
(CADD) systems, which first identify possible 
lesions and then classify them in terms of prob-
ability of being malignant or benign.

7.2  Computer-Aided Evaluation 
(CAE) Systems

There are several commercially available soft-
ware packages that are designed to provide sup-
port to the breast radiologist evaluating a 
magnetic resonance imaging (MRI) examination 
of the breast.

The main function of these packages is to pro-
vide a color-coded parametric map of the breast 
based on the Breast Imaging Reporting and Data 
System (BI-RADS) scheme [1] where enhance-
ment kinetics are classified as persistent, plateau, 
or washout of contrast material. For each pixel in 
the image, a signal intensity curve is generated 
and the classification is performed as follows. 
First, an enhancement threshold is set based on 
the percentage increase in the signal in the first 
post-contrast image and only pixels that exceed 
this threshold are retained. Next, the software 
calculates the change in intensity in a delayed 
post-contrast image relative to the first post- 
contrast image. Finally, it determines whether 
each pixel intensity curve increases, decreases, or 
remains constant and assigns the corresponding 
color coding to an overlay map. The precise 
details of which time points are used, what the 
initial enhancement threshold should be, and 
which metric is used to distinguish between pix-
els that show washout, plateau, or continuous 
enhancement vary from platform to platform; but 
the essential principles are the same. In Fig. 7.1, 
signal enhancement ratio (SER) pixel-by-pixel 
maps are shown for a malignant and a benign 
lesion, together with the corresponding relative 

signal curves in Fig. 7.2. Here the signal enhance-
ment ratio is defined as SER  =  (Sfirst  −  S0)/
(Slast −  S0) where S0, Sfirst, and Slast are the pre- 
contrast, first post-contrast, and last post-contrast 
signal intensities, respectively.

Changes in magnet field strength, equipment 
vendor and model, software version, image 
acquisition protocols, contrast type, dose, and 
rate of administration, flushing with saline solu-
tion, and threshold values used to generate the 
color maps mean that overlay maps produced in 
one breast imaging center cannot be directly 
compared with those generated elsewhere. 
Pharmacokinetic (PK) models attempt to over-
come this variability by estimating physiologi-
cally meaningful parameters such as the rate of 
exchange between capillaries and the extracellu-
lar space by fitting mathematical models to signal 
intensity curves [2]; however, these models 
require that images are acquired at a much higher 
temporal resolution than is common in clinical 
practice. The three-time-point (3TP) method [3] 
proposes a solution where just three images are 
acquired at specified time points and then a 
 calibration scheme is used to estimate the phar-
macokinetic parameters.

In addition to an overlay that color codes each 
pixel according to enhancement kinetics, some 
CAE systems provide tools for radiologists to 
identify and outline lesions of interest. The aver-
age signal intensity curve over the whole lesion 
can then be assessed, which reduces the effect of 
noise. Summary statistics that describe the area 
and extent of the lesion can also be produced 
from the segmented region of interest (ROI). 
Although CAE systems do provide some quanti-
tative information, they are not designed to assign 
probabilities of malignancy to lesions in the 
image.

Several studies have evaluated commercially 
available CAE systems, including CADstream 
(Confirma, Bellevue, WA, USA) [4], Aegis 
(Sentinelle Medical, Toronto, Canada) [5], 
dynaCAD (Invivo, Pewaukee, WI, USA) [6], and 
3TP [7]. Monique D. Dorrius and coworkers [8] 
carried out a systematic review and meta-analysis 
considering ten publications referencing com-
mercially available systems. They reported that 
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Fig. 7.1 On the top row 
are images showing an 
invasive lobular 
carcinoma and on the 
bottom row images 
show a fibroadenoma. 
The left column shows 
the sagittal sections 
through the center of the 
lesions obtained as the 
first post-contrast frame 
using a fat-saturated 
gradient-echo sequence. 
On the right column, the 
signal enhancement ratio 
(SER) values are 
displayed as a color 
overlay on a pixel-by- 
pixel basis. Note the 
inhomogeneous color 
distribution with 
multiple yellow-red 
pixels in the malignant 
lesion and the 
homogeneous light blue 
color of the benign 
lesion

0
0

50

100

150

200

250

1 2 3 4 5 6

time (min)

%
 e

nh
an

ce
m

en
t

Fig. 7.2 The signal 
enhancement curves 
corresponding to the 
lesions shown in 
Fig. 7.1. The malignant 
carcinoma (red) shows a 
more rapid initial 
enhancement followed 
by a slight late washout 
phase. The benign lesion 
has a slower initial 
enhancement without 
washout; i.e., it shows a 
continuous increase 
curve. These curves 
were obtained by 
considering the pixels 
showing the highest 
initial enhancement

for experienced radiologists the sensitivity was 
unchanged by the use of a CAE system and there 
was a small but non-significant decrease in speci-

ficity. For residents with less than 6  months’ 
breast MRI experience, there was a significant 
improvement in sensitivity with CAE and no 
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 significant change in specificity. The authors 
concluded that CAE systems had little impact on 
accuracy overall and that inexperienced radiolo-
gists and residents benefitted the most from their 
use [8].

7.3  Computer-Aided Diagnosis 
(CADx) Systems

CAE systems can be very helpful in highlighting 
enhancing regions of the breast so that the radi-
ologist can quickly direct their attention to these 
suspicious areas; however, they do not make use 
of other information such as the texture and the 
morphology of the lesion. CADx systems pro-
vide further support to the radiologist by combin-
ing kinetic, morphological, and textural 
information to predict whether a particular lesion 
is malignant or not. This is achieved by first 
delineating the suspicious lesion, then extracting 
multiple image features from the DCE sequence, 
and finally using a trained classifier to assign a 
probability of malignancy to the lesion. This is 
achieved using a machine learning algorithm, 
which is trained on previously labeled examples 
of malignant and benign lesions. Each of these 
components will be described in more detail 
below.

7.3.1  Lesion Segmentation

The accurate delineation of enhancing lesions is 
essential as it allows us to quantify the variation 
in contrast enhancement kinetics within the 
lesion and to extract morphological features that 
can represent its shape. Manual segmentation is a 
time-consuming and subjective process. Semi- 
automated methods have been shown to be faster 
and to reduce inter-observer variability [9]. 
Typically, such methods require the radiologist to 
mark a point at the center of the enhancing lesion 
or to draw a crude boundary or bounding box 
around the lesion. Upper and lower intensity 
thresholds are then set by the user, and pixels 
within the defined range, which are either con-

nected to the seed point or lie within the bound-
ing box, are defined as belonging to the lesion 
ROI.  Usually the subtraction images or the 
enhancement maps are used to define the ROI as 
they have higher contrast between the lesion and 
the background.

More sophisticated approaches remove the 
need to manually define intensity threshold val-
ues and make use of all the DCE information 
available to improve the contrast between lesion 
and background. Weijie Chen and coworkers [10] 
developed an improved lesion segmentation 
algorithm based on fuzzy clustering that used the 
difference in contrast enhancement dynamics to 
identify pixels belonging to the foreground 
lesion. Yunfeng Cui and coworkers [11] used a 
Gaussian mixture model to automatically esti-
mate threshold values that are used to identify 
pixels lying inside and outside of the lesion. A 
marker-controlled watershed method is then used 
to further refine the boundary. Other authors [12] 
described a system where the operator places two 
ellipses on the image, one identifying pixels 
inside the lesion the other containing back-
ground; and this information is used to classify 
all the remaining pixels. Alternative methods are 
those using a graph-cut-based algorithm that 
incorporates a spatial smoothness constraint [13].

Fully automated systems that carry out both 
detection and segmentation of lesions are dis-
cussed separately in Sect. 7.4.

7.3.2  Feature Extraction

Radiologists use well-defined descriptors [1] to 
characterize lesions, and these help to discrimi-
nate between malignant and benign lesions. 
Although there have been some attempts to build 
CADx systems based on categorical descriptors 
provided by radiologists [14], it is more common 
to extract continuous quantitative values that cap-
ture the same information. There are many papers 
describing different feature sets for use in CADx 
systems, and they can be grouped into three 
groups: kinetic (also called dynamic), morpho-
logical, and texture features.
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7.3.2.1  Kinetic Features
There are many different ways of quantifying 
contrast enhancement in a lesion, but model-free 
methods, which attempt to characterize the shape 
of the signal enhancement curve, are the most 
commonly used. Features include the maximum 
enhancement, the time-to-peak enhancement, the 
rate of contrast uptake, and the rate of washout 
[15]. The normalized signal intensity values have 
been used directly [16]; however, when Jacob 
Levman and coworkers [17] compared several 
feature vectors, including one that used relative 
signal intensity alone and another that combined 
relative signal enhancement with the derivatives 
of the enhancement curve, they found that the 
more conventional feature vector based on the tra-
ditional parameters of maximum signal intensity 
enhancement, time of maximum enhancement, 
and maximum washout gave the most accurate 
results. Pharmacokinetic models require high 
temporal resolution and therefore are not suitable 
for most breast MRI exams, which typically only 
have 3–5 post-contrast images acquired at a lower 
temporal resolution, typically not lower than 60 s. 
Sanaz A. Jansen and coworkers [18] describe an 
empirical model that has just three parameters to 
fit and does not require an arterial input function. 
This approach may help to standardize kinetic 
parameters extracted from studies acquired at dif-
fering temporal resolutions, and features obtained 
using this model have been found to be relevant in 
lesion classification [19].

The contrast enhancement curve generated 
over an entire lesion will result in the averaging 
of pixel signal intensity curves. Several groups 
have attempted to cluster together pixels that 
show similar enhancement patterns in order to 
capture regions that show the greatest wash in 
and wash out of contrast. These include the 
mean-shift algorithm [20], vector quantization 
[21], and fuzzy c-means clustering [22]. Another 
approach is to differentiate between the signal 
enhancement in the center of the lesion and at the 
edge of the lesion [19].

7.3.2.2  Morphological Features
Radiologists use several morphological features 
such as the shape of the lesion, and the unifor-

mity (i.e., pattern of internal distribution) of con-
trast enhancement to describe a lesion. Certain 
characteristics are associated with benign lesions 
while others tend to suggest a malignant lesion. 
For example, a stereotypical benign lesion may 
have a smooth margin, with an oval shape and 
internal septations, whereas a malignant lesion 
might have a speculated appearance with an 
irregular shape and rim enhancement. In order to 
use this information in a CADx system, it is nec-
essary to quantify these findings. Various formula 
have been derived to capture information about 
circularity, convexity, irregularity, solidity, 
perimeter, compactness, etc. [9, 15, 23]. The 
sharpness of the lesion boundary, and the change 
in edge sharpness over the duration of the 
dynamic study are also useful morphological fea-
tures [24, 25].

7.3.2.3  Texture Features
Texture features provide information about the 
heterogeneity of the contrast enhancement in the 
lesion. Since the mean signal intensity curve gen-
erated over the whole lesion region of interest 
does not reflect inhomogeneities within the 
lesion, many CADx algorithms also include the 
variance, skew, and kurtosis of each of the kinetic 
parameters measured from individual pixels 
within the ROI [15, 19]. However, features based 
purely on the statistical distribution of intensity 
values cannot capture spatial patterns. In 1973 
Robert M. Haralick [26] introduced a method of 
mathematically describing textures in images 
that uses spatially dependent intensity informa-
tion. Haralick features are based on a co- 
occurrence matrix Pij, which records the number 
of times that two pixels with values i and j occur 
in the region of interest separated by a distance d 
and an angle θ. Fourteen feature values can be 
derived from this matrix, including the angular 
second moment (ASM), energy, entropy, and 
contrast. Even more features can be obtained by 
varying values for d, θ, and the number of gray 
levels used to generate the matrix. Peter Gibbs 
and coworkers [27] showed that a combination of 
texture features could produce very accurate 
results, and Weijie Chen and coworkers [28] 
extended the method to three-dimensional (3D) 

7 CAD and Machine Learning for Breast MRI



102

volumetric regions of interest. Other texture fea-
tures have also been used to discriminate between 
malignant and benign lesions, such as Gabor fil-
ters [13] or entropy of enhancement assessed by 
moving a 3 × 3 window over the lesion ROI [29].

7.3.3  Lesion Classification

Individual features rarely achieve high accuracy 
in isolation. However, when several features are 
combined, it is possible to achieve a better sepa-
ration between malignant and benign lesions. 
Classification algorithms work by finding a 
boundary in multi-dimensional feature space that 
best separates two sets of labeled data points; 
once this boundary has been identified using 
training data, a new test case is projected into the 
feature space and, depending on which side of 
the decision boundary it falls, it is classified as 
malignant or benign. There are many different 
classifiers available that can take a set of features 
and return either a binary decision or a probabil-
ity of malignancy.

7.3.3.1  Classifiers
Simple linear classifiers, such as linear discrimi-
nant analysis (LDA), have the advantage that 
they are easily understood and the contribution 
that each individual feature makes to the final 
decision can be calculated [27]. The disadvan-
tage is that they cannot cope with data where the 
decision boundary is non-linear.

Support vector machines (SVMs) are more 
robust than LDA with small training datasets as 
they identify the decision boundary that maxi-
mizes the distance to the data points on either 
side. They can be extended to produce non-linear 
boundaries using different kernel functions and 
provide a mechanism for coping with misclassi-
fied points. The disadvantage of SVMs is that 
understanding the contribution of individual fea-
tures to the classifier becomes much more diffi-
cult [17].

Decision trees are simple to understand, and 
Pascal Baltzer and coworkers achieved excellent 
results on a dataset of over 1,000 patients [14] 
using categorical features. The resulting tree 

could be represented by a series of simple deci-
sion rules; however, this approach is known to be 
prone to overfitting. Random forests, which are 
ensembles of many individual decision trees, are 
more robust [30] and have been used successfully 
to train breast CAD systems [19, 31]. It is possi-
ble to extract useful information about the impor-
tance of individual features using random forests, 
and methods of interpreting random forest mod-
els have also been explored [32].

Artificial neural networks (ANNs) attempt to 
mimic the way in which a human brain processes 
information. The features are connected to a layer 
of hidden nodes, and then these hidden nodes are 
connected to output nodes that represent the 
classes. A back-propagation method is used to 
learn the weights that connect the nodes together. 
Several groups have used neural networks for 
lesion characterization on breast MRI in the past 
[16, 33, 34], but the small size of the labeled 
training datasets that were available meant that 
these ANNs were restricted to a single hidden 
layer with just a few nodes. More recently there 
has been an explosion of interest in the use of 
deeper neural networks and more advanced net-
works that are specifically designed for images—
these will be mentioned in later sections.

7.3.3.2  Feature Selection
Hundreds of quantitative features can be extracted 
from a DCE-MRI study, but using too many fea-
tures increases computational complexity and 
may lead to overfitting. In practice, therefore, it is 
usually better to train a classification algorithm 
using a subset of the most discriminative fea-
tures. Many methods of feature selection exist in 
the literature, and the simplest approach is to 
identify the top-ranking features individually. 
The discriminative power of a single feature can 
be quantified by using the receiver operating 
characteristic (ROC) analysis and calculating the 
area under the curve (AUC). Looking at one fea-
ture at a time, however, does not take into account 
the correlations between features, so methods 
that attempt to find the best combination of fea-
tures have been proposed. Sequential forward 
search methods find the most discriminating fea-
ture first, and then search for a second feature that 
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results in the greatest improvement in accuracy, 
and so on until the required number of features 
has been identified [34, 35]. Silvano Agliozzo 
and coworkers [23] used a genetic algorithm to 
identify the best subset of features. Some classifi-
cation algorithms are able to automatically deter-
mine the relevance of features, for example, 
random forests [19] and Bayesian neural net-
works with automatic relevance determination 
[33].

7.3.3.3  Training and Evaluation 
of Classifiers

When a classifier is trained on labeled data, it is 
important to use a separate testing dataset to eval-
uate performance; otherwise the calculated accu-
racy will be overly optimistic. Overfitting of a 
classifier is said to occur when predictions made 
on the training set are very accurate but the per-
formance on new unseen data is poor; i.e., the 
classification model fails to generalize. This can 
be avoided by careful attention to the way the 
labeled training data is used to create and test 
predictive models. Figure 7.3 illustrates a general 
framework for selecting the model parameters 
(for example, the number of trees in a random 
forest, hidden nodes in a neural network, or fea-
ture selection) using a labeled data set.

The best test of generalizability is obtained by 
using a completely independent testing dataset. 
This should be separated from the training data 
before any experiments are started to ensure that 
the choice of parameters or features is not biased. 
The remaining data is then split into a training set 
and a tuning set (often referred to as the valida-
tion set in the computer science literature). The 
training set is used to create the predictive model, 
and the tuning set is used to estimate perfor-
mance. This process can then be repeated by 
switching cases in the training and tuning sets 
using a process known as cross-fold validation. 
The number of cases in the training, tuning, and 
testing datasets and the number of folds used will 
depend on the size of the available labeled dataset 
and the number of classes. For very small datas-
ets, it is common to carry out a leave-one-out 
(LOO) experiment where all of the cases except 
one are used to train a classifier that is then used 

to predict the label on the remaining case. This 
process is repeated until each case has been held 
out and the reported accuracy is calculated. This 
procedure usually yields overly optimistic results. 
If the research then uses repeated LOO experi-
ments to select model parameters and then reports 
on the most accurate configuration, then the 
results are also biased.

The independent testing set cannot be too 
small, or it will fail to capture the variability of 
the data and there will be a high variance in the 
error accuracy. In many cases, researchers will 
attempt to increase the number of labeled cases 
by using several lesions from a single patient. If 
this is done, then it is important to ensure that all 
of the lesions from a single patient are in the 
same dataset; i.e. it is incorrect to include lesions 
from the same patient in both the training set and 
the tuning or testing set.

Most classifiers return a numerical score 
between zero (definitely negative) and 1 (defi-
nitely positive). For a simple binary classifier, it 
is common to set a threshold of 0.5: everything 
with a higher score is considered to be positive 
and everything with a lower score is considered 
to be negative. Lowering this threshold results in 
a higher sensitivity (true positive fraction) and a 
lower specificity (true negative fraction) while 
raising the threshold produces a lower sensitivity 
and a higher specificity. The optimum setting for 
this threshold, which is also referred to as the 
decision point, will depend on the clinical con-
text. The effect of changing the threshold can be 
visualized using the ROC curve, which plots sen-
sitivity against (1-specificity) for different deci-
sion points. The AUC is often used to evaluate the 
performance of different CADx systems because 
it is independent of the single threshold.

7.4  Fully Automated Lesion 
Detection

In Sect. 7.3, it is assumed that a lesion has already 
been detected. A system that is capable of detect-
ing suspicious lesions automatically, i.e., a CADe 
system, has the potential to speed up radiologists’ 
workflow and also to improve sensitivity by 
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detecting otherwise overlooked cancers. In breast 
MRI, however, there are many regions of non- 
specific enhancement that may also be identified 
as lesions, and if a CADe system is to be useful, 
it is essential that the number of false positive 
detections is minimized. This makes the com-
bined task of detection and diagnosis very 
challenging.

Several attempts to automatically detect 
lesions have been described in the literature. 
Mayer et al. [36] automatically segmented images 
into clusters of similar pixels using a hierarchical 
Gaussian pyramid and identified clusters with the 

highest local intensity values. This process led to 
the creation of about 2,500 objects for each breast 
exam from which morphological and dynamic 
features were extracted. After removing most of 
these objects using size and volume criteria, the 
remaining objects were classified as lesions or 
artifacts by a first ANN and then the lesions were 
classified as malignant or benign by a second 
ANN.  Malignant lesions were detected with a 
sensitivity of 95% and a specificity of 92%. Diane 
M.  Renz and coworkers [37] used the same 
approach on an independent dataset and reported 
a sensitivity of 97% and a specificity of 76%.

Data (p labeled cases)

Repeat k times
n cases p-n cases

Training data Tuning

Set Model
Parameters

Evaluate model
on tuning data

Train Model

n cases

n(k–1)/k n/k

Select best
parameters

Train Model

p-n cases

Testing data

Evaluate model
on testing data

Report performance

Fig. 7.3 Flow diagram 
for the training, tuning, 
and testing of a 
classification algorithm
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Anna Vignati and cowokers [38] proposed a 
lesion detection pipeline that included breast seg-
mentation, image registration, and the normaliza-
tion of contrast using the signal intensity in the 
blood vessels. In order to reduce the number of 
false-positive detections, they used a number of 
heuristically derived rules, which included a min-
imum size criteria of 20 mm3 and the rejection of 
any lesions where variation in signal intensity 
exceed a certain threshold. They were able to 
detect 89% of all lesions with a false detection 
rate of 4 false detections per breast. Most of the 
false-positive detections were due to blood ves-
sels. The lesions detected were then classified as 
malignant or benign using a support vector 
machine [23].

Yan-Hao Huang and coworkers [39] used a 
thresholding method to isolate the enhancing tis-
sue from background and then subdivided the 
enhancing regions into four groups using fuzzy 
clustering. This process still tended to identify 
background enhancement and vessels as suspi-
cious, so a multi-scale Hessian filter was used to 
identify mass lesions. Morphological, texture, 
and enhancement features were extracted from 
the detected lesions; and logistic regression was 
used to classify malignant lesions. They reported 
a sensitivity of 92% with 4.6 false positives per 
case.

Albert Gubern-Merida and coworkers [31] 
used both Laplacian and Hessian filters to iden-
tify bright blob-like structures as potential 
lesions. Their patient population included 
women with both mass and non-mass malignant 
lesions and women with negative screening 
examinations and no breast cancer. Women with 
biopsy- proven benign lesions were not included 
in this study. They then compared several differ-
ent classification methods and found that a ran-
dom forest classifier gave the best performance 
with 7 false- positive lesions per patient at a sen-
sitivity of 95%.

Hongbo Wu and coworkers [40] used an ANN 
with two hidden layers to classify small patches 
of the dynamic image as either lesion or non-
lesion. In order to overcome the problem of 
insufficient labeled data to train a deep neural 
network, they used a denoising autoencoder [41], 
which allows features to be learned directly from 

unlabeled data. Once the network was pre-trained 
using unlabeled data, a smaller number of labeled 
patches were used to train the classifier to differ-
entiate between lesions and non-lesions and a 
sensitivity of 92% with 17 false candidate lesion 
regions per volume was obtained. Once the 
lesions have been identified, it is possible to 
extract more conventional morphological and 
textural features and Hongbo Wu [42] found that 
adding a cascade of random forest classifiers, one 
to remove false-positive detections and one to 
differentiate between malignant and benign 
lesions, gave a final sensitivity of 94% at 0.12 
false-positive detections per normal study. 
Figure 7.4 illustrates the work flow for the final 
classification algorithm.

It is difficult to directly compare the results 
from these studies as the patient population dif-
fers in each case. In most studies, patients with 
biopsy-proven malignant or benign lesions are 
selected, but this does not assess the false- positive 
rate in examinations that do not contain any 
lesions at all. In the study by Albert Gubern- 
Mérida and coworkers [31], the false-positive 
rate is assessed on negative screening exams 
where 2  years’ follow-up confirmed that there 
was no breast cancer but no biopsied benign 
lesions were included in the study. In the master’s 
thesis by Hongbo Wu [42], the false-positive rate 
was also assessed on negative screening exams 
but benign lesions were present in the data used 
to train the classifiers.

7.5  Preprocessing: Motion 
Correction (Image 
Co-registration) and Breast 
Segmentation

In all CAD systems, features that quantify the 
change in intensity over time are used to 
 differentiate between normal, benign, and malig-
nant regions. Any motion between the pre- and 
post- contrast images will have an impact on these 
quantitative measures; therefore, motion correc-
tion, also referred to as image co-registration, is 
frequently carried out as a pre-processing step. 
The registration of contrast-enhanced breast MRI 
is challenging for two main reasons: the breast tis-
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Lesion/non-lesion classification

Lesions Non-Lesions

Preprocessing Lesion probability map

Feature extraction

Malignant/benign classification
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Fig. 7.4 Example of a processing pipeline for a breast 
MRI CADD system. (a) Preprocessing of the data typi-
cally involves motion correction. (b) An ANN is used to 
assign a lesion probability to each pixel in the image. (c) 
Once the lesion is identified, features can be extracted 

relating to enhancement, morphology, and texture.  
(d) A random forest classifier then uses these features to 
reduce false-positive detections. (e) A final classifier 
then differentiates between malignant and benign lesions
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sue is highly deformable and the changing inten-
sity in enhancing regions can affect the accuracy 
of registration. Several methods have been evalu-
ated motion correction for breast imaging [43–46]. 
Additional constraints on the deformable registra-
tion in order to prevent non- physiological changes 
in tumor volume have been described [46]. A 
framework for decoupling the effects of intensity 
changes due to motion and due to contrast enhance-
ment has also been proposed [47]. Validation of 
motion correction is very difficult as the breast 
lacks anatomical landmarks that can be accurately 
localized in 3D images, and many landmarks are 
needed to assess a deformable registration algo-
rithm. Some groups have used simulation studies 
based on finite element models of breast deforma-
tion [44, 48, 49] whilst others have attempted to 
carry out a subjective evaluation [43]. Albert 
Gubern-Mérida and coworkers [31] assessed the 
effect of motion correction on the final CAD out-
come: the impact on overall accuracy was small 
but significant and that there was a greater 
improvement in accuracy for non-mass lesions. 
Figure 7.5 illustrates how motion correction can 
improve the quality of subtracted MRI images.

Another useful preprocessing step for systems 
that perform both detection and diagnosis is 
breast segmentation. The areas of image artifact 

and high contrast enhancement in the chest can 
be misclassified as suspicious lesions, and, 
although radiologists are not affected by these 
errors, they do cause problems when evaluating 
automated systems. Processing time may also be 
affected as image features have to be calculated 
for every lesion identified by the system. Several 
breast segmentation algorithms have been devel-
oped for the purpose of assessing breast density 
with MRI [50–55], but Albert Gubern-Mérida 
and coworkers [31] noted that two lesions were 
missed due to segmentation errors, so there is still 
a need for improvements in this area.

7.6  Challenges

The use of CAD systems for mammography is 
widespread, but this is not true for MRI CAD 
despite over 15 years of research in this area. The 
computer-aided evaluation tools described in 
Sect. 7.2 are available on many commercial 
workstations, but these do not attempt to detect or 
diagnose lesions and cannot be used as a second 
reader.

One of the main differences between breast 
MRI and digital mammography is that there is 
much more variation in imaging protocols with 

a b c

Fig. 7.5 Motion correction. (a) Post-contrast image. (b) 
Result of subtracting the pre-contrast image from the 
post-contrast image. The effect of motion between the 

acquisition of these two images is well visible. (c) 
Subtracted image after motion correction [43]
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MRI.  Some differences—such as the use of 
1.5 T or 3 T field strengths, the use of fat sup-
pression, the type and dose contrast material and 
its injection protocol, or the timing of post-con-
trast images—will affect the relative signal 
intensity in the lesion compared with the back-
ground. Other differences—such as the choice of 
acquisition plane and the pixel size used—will 
affect the morphological features. A few studies 
have evaluated the accuracy of CAD systems 
that have been trained using data acquired using 
one protocol and then tested using data acquired 
using a different protocol, scanner or from a dif-
ferent institution. Weijie Chen and coworkers 
[33] compared datasets acquired on scanners 
from two different manufacturers and found that 
there was no significant difference in accuracy 
between a classifier trained on dataset 1 and 
tested on dataset 2 or vice versa. However, the 
protocols for the two datasets were very similar; 
both carried out acquisition in the coronal plane, 
no fat suppression was used, and the temporal 
resolution only differed by one second. Anna 
Vignati and coworkers [38] designed their lesion 
detection algorithm to work with both fat-satu-
rated and non-fat saturated images, and their 
algorithm was trained and tested using images 
acquired using both protocols. Their two datas-
ets also had very different temporal resolutions, 
and the effect of this was minimized by taking 
the mean signal intensity over the sequence of 
images and then  normalizing intensity values 
using the intensity in the mammary blood ves-
sels. These studies suggest that it is possible to 
design a CAD algorithm to work across different 
datasets from different institutions, but so far no 
authors have evaluated a fully automatic detec-
tion and classification algorithm in a clinically 
realistic scenario, where the software is tested 
on totally unseen images acquired using differ-
ent protocols to those represented in the data 
used to train the algorithm.

The lack of standardization of imaging proto-
cols is not the only reason that comparing the 
results of different breast MRI CAD studies is 
difficult. The patient populations also vary greatly 
from study to study, and this has an impact on the 
size and types of lesions used to train and test the 

algorithms. In most of the earlier studies, patients 
were undergoing MRI as a follow-up examina-
tion after mammography to either provide addi-
tional diagnostic information or to exclude the 
presence of additional lesions before surgery. In 
later studies, an increasing number of high-risk 
patients undergoing MRI screening have been 
included and, as a result, such studies may con-
tain a greater proportion of very small lesions.

It is important to determine how best to incor-
porate CAD into breast radiologists’ workflow. 
For example, should the automated method be 
run before the radiologist reviews the images in 
order to speed up the work flow, or should it only 
be applied as a second look after the initial assess-
ment has been made? The true impact of a breast 
MRI CAD system on sensitivity, specificity, and 
reporting times can only be evaluated in the con-
text of the clinical workflow, which includes the 
breast radiologist; and only a few small studies 
[6, 56] have attempted this so far.

7.7  Opportunities

The use of additional MRI sequences to the DCE 
acquisition could improve discrimination 
between malignant and benign breast lesions. 
Although T2-weighted imaging is widely used in 
clinical breast MR, only a few studies have 
looked at the effect of adding T2 image features 
to classification [57, 58]. Diffusion-weighted 
imaging [59] and DCE-MRI with higher tempo-
ral resolution [60, 61] could also provide more 
discriminative features, but these sequences, 
especially the latter, are less commonly 
performed.

Incorporating information from previous MRI 
studies could also improve the accuracy of CAD 
systems. Women enrolled on MRI breast 
 screening programs typically have annual exami-
nations, and incorporating information from pre-
vious visits could improve specificity. Similarly, 
it could be advantageous to incorporate informa-
tion derived from mammography.

Recent advances in machine learning have the 
potential to further improve the accuracy of 
breast MRI CAD. There has recently been a great 
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deal of excitement over the use of convolutional 
neural networks (CNNs), which are capable of 
learning features directly from imaging data [62], 
and this approach has already been used to seg-
ment fibroglandular tissue in breast MRI images 
[53] and to classify lesions in mammography 
[63]. The performance of a CNN usually 
improves as the number of labeled training cases 
increases. Large databases of labeled images 
have been made available for several other CAD 
applications including mammography and nod-
ule detection in chest computed tomography, and 
these have facilitated research and development 
in these areas. The creation of a large, publicly 
available, well-annotated, multi-institutional 
database for breast MRI would likely accelerate 
progress toward clinical CAD systems for breast 
MRI.

Significant progress has been made in the 
accuracy of breast MRI CAD, but in order to 
move this work into the clinical domain, it is 
essential that CAD platforms are tested in the 
context of the radiologist’s work flow and it is 
also essential that large-scale, multi-institutional 
studies are carried out to determine how robust 
these methods are when data is acquired on mul-
tiple scanners and with different protocols.
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MRI Magnetic resonance imaging
MRS Magnetic resonance spectroscopy
PR Progesterone receptor
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8.1  Introduction

Breast cancer is a diverse collection of diseases 
with varying clinical presentations, histologic 
subtypes, and treatment responses [1, 2]. With 
the discovery that cancer is a genetic disease, 
medical research has entered the genomic era, 
with the goal of devising precise cancer therapies 
that target specific genetic alterations of a tumor. 
Although traditional prognostic and predictive 
factors in breast cancer, such as tumor size, histo-
logic type, tumor grade, receptor status [estrogen 
receptor (ER), progesterone receptor (PR), 
human epidermal growth factor receptor 2 
(HER2)], as assessed by immunohistochemistry 
(IHC), have been well-established, it has become 
evident that these traditional classifications can-
not fully capture the heterogeneity of breast can-
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cer and the classical approach of stratifying 
patients into treatment groups based on pheno-
typic biomarkers is insufficient.

8.2  Molecular Subtypes 
of Breast Cancer 
and Correlation 
with Imaging Phenotypes

In the past decade, gene expression profiling has 
revolutionized breast cancer classifications, and 
the traditional classifications based on IHC have 
been replaced by molecular subtypes. Four intrin-
sic molecular subtypes of breast cancer have 
been defined by extensive profiling at the DNA, 
microRNA, and protein levels by The Cancer 
Genome Atlas (TCGA) Network [3]: luminal A; 
luminal B; HER2-enriched; and basal-like, the 
last subtype being mostly, but not entirely over-
lapping with the triple negative (TN) subgroup 
(4–6). These subtypes are unevenly distributed 
among women with breast cancer (Fig. 8.1), with 
variations according to race, menopausal status, 
and age (7); and each has a different prognosis, 
response to treatment, preferential metastatic 
organs, and recurrence or disease-free survival 
outcomes [4, 5].

Since 2011, the St. Gallen International Expert 
Consensus panel has used the molecular sub-
type–based recommendations for systemic thera-
pies for breast cancer [6, 7]. Currently, no 
low-cost genetic testing is readily available, and 

therefore, IHC surrogates are often used to define 
the molecular breast cancer subtypes to guide 
therapy decisions (Table 8.1). However, it should 
be mentioned that, although these IHC surrogates 
can provide clinical guidance, there is a variable 
agreement about formal genetic testing (41–
100%) and IHC surrogate markers have been 
shown to be less robust in predicting patient out-
comes [3]. Therefore, there is a strong argument 
for a more accurate means of differentiating 
molecular breast cancer subtypes, which poses a 
unique opportunity for imaging.

8.2.1  Luminal Subtype

Hormone receptor (HR)–positive tumors consti-
tute approximately 70% of breast tumors, and 
HR-positive tumors show a more favorable prog-
nosis than HR-negative breast cancers. Within 
HR-positive/HER2-negative breast cancer, 
90–95% of tumors are of the luminal A and B 
subtypes [8]. Compared to luminal A cancers, 
the luminal B subtypes usually have a higher 
expression of proliferation genes and a worse 
baseline, distant recurrence-free survival at 5 
and 10  years [4]. The occurrence rates of the 
non-luminal subtypes (HER2-enriched and 
basal-like tumors) by gene expression profiling 
are approximately 5.5–11.0% for the HER2-
enriched type and 1–5% for the basal-like type. 
It has been shown that non-luminal tumors have 
worse outcomes, compared to the luminal A sub-
type, when treated with endocrine therapy only, 
and might not benefit from endocrine treatment 
at all [9].

With respect to imaging phenotypes, it has 
been shown that low-grade, HR-positive tumors 
tend to present as masses with poorly circum-
scribed margins and with posterior acoustic shad-
owing on ultrasonography (US) (example in 
Fig. 8.2). Recently, a higher signal enhancement 
ratio1 of tumor as compared to breast  parenchyma 

1 The signal enhancement ratio (SER) is calculated as fol-
lows: (S1 − S0)/(S2 − S0), where S0 is the precontrast sig-
nal, S1 is the early postcontrast signal, and S2 is the late 
postcontrast signal.

HER2*
7-12%

LUMINAL B
6–19% LUMINAL A

42–59%
TRIPLE NEGATIVE

15–20%

Fig. 8.1 Distribution of molecular breast cancer sub-
types. (Modified from J PharmBioallied Sci. 2012 Jan–
Mar; 4(1): 21–26)
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Table 8.1 Treatment-oriented classification of subgroups of breast cancer from the St. Gallen Consensus 2015

Clinico-pathologic surrogate definition

Therapy
Intrinsic 
subtype ER PR HER2 Ki-67

Recurrence 
riska

Luminal A Luminal A-like +b + − Low 
(<15%)

Low (if 
available)

Endocrine therapy, 
cytotoxic therapy 
may be added

Luminal B Luminal B-likec 
(HER2- negative)

+ − or 
low

− High 
(≥15%)

High (if 
available)

Endocrine therapy for 
all patients, cytotoxic 
therapy in most 
patients

Luminal B-like 
(HER2- positive)

+ Any Over- 
expressed or 
amplified

Any NA Cytotoxic + 
anti- 
HER2 + endocrine 
therapy

HER2 
overexpression

HER2- positive 
(non- luminal)

Absent Absent Over- 
expressed or 
amplified

NA NA Cytotoxic + 
anti-HER2 therapy

Basal-like Triple negative 
(ductal)

− − − NA NA Cytotoxic therapy

Modified from Goldhirsch A et al., Ann Oncol 2013;24:2206–2223 [7]
ER estrogen receptor, PR progesterone receptor, HER2 human epidermal growth factor receptor 2, NA not applicable
aBased on multi-gene-expression assay
bBetween luminal A-like and luminal B-like subtype, PR cut-off point of ≥20% best corresponded to the luminal A 
subtype
cER-positive and HER2-negative and at least one of: Ki-67 high, PR-negative or low, or recurrence risk high
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Fig. 8.2 Multifocal HR-positive, HER2-negative inva-
sive ductal cancer grade 1 with a Ki-67 of 20% in a 
48-year-old woman, lateral in the right breast. (a) The 
irregular-shaped and spiculated index mass demonstrated 

(b) a heterogeneous initial fast/plateau contrast enhance-
ment. On DWI, the lesion also showed a restricted diffu-
sivity (c) with mean ADC values below the cut-off for 
malignancy (0.843 × 10−3 mm2/s)
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in dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) was found to be asso-
ciated with the luminal B subtype [10, 11].

8.2.2  HER2-Enriched Subtype

Tumors with HER2 overexpression are found in 
15–25% of invasive breast cancers and have a 
worse prognosis, but respond well to HER2- 
targeted therapies [12]. Within the HER2 sub-
type of breast cancer, HR-positive tumors are 
associated with increased disease-free survival 
and overall survival, compared to HR-negative 
tumors. Heterogeneous intrinsic subtypes exist 
within HER2-positive tumors, hinting at the 
potential to predict the degree of a patient 
response to trastuzumab [13]. A recent meta- 
analysis of imaging features of HER2-enriched 
tumors identified several features that were 
associated with HER2 overexpression, includ-
ing fine linear or branching microcalcifications, 

extremely dense breasts, high suspicion for 
malignancy on mammography or US, irregu-
larly shaped masses on US, and fast initial 
enhancement or washout kinetics on DCE-MRI 
(example in Fig. 8.3) [14]. Whereas a tumor pre-
sentation with a circumscribed margin shows a 
decreased probability of HER2 overexpression, 
multicentric and/or multifocal disease is more 
frequently found in the HER2 subtype or lumi-
nal B subtype than in the luminal A or basal-like 
subtype [15].

8.2.3  Basal-Like Subtype

The basal-like subtype is a unique subtype among 
breast cancers. Whereas luminal A cancers have 
the best prognosis, basal-like tumors have the 
worst. Most TN breast cancers, i.e., those that are 
ER-negative, PR-negative, and HER2-negative, 
correspond to the basal-like subtype [8], and 
therefore, the terms “TN” and “basal-like” are 
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Fig. 8.3 HER2-enriched, HR-negative invasive ductal 
cancer grade 3 with a Ki-67 of 40% in a 48-year-old 
woman, medial in the left breast. (a) The irregular-shaped 
and spiculated mass demonstrated (b) a homogenous initial 
fast/wash-out contrast enhancement. (c) On T2-weighed 

images, the lesion is iso- to slightly hyperintense compared 
to normal fibroglandular tissue. On DWI, the lesion also 
showed a restricted diffusivity (d) with mean ADC values 
below the cut-off for malignancy (0.974  ×  10−3  mm2/s), 
which is additionally indicative of a malignant finding
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often used interchangeably. However, in the sub-
set of TN breast cancers, which constitute up to 
20% of breast cancers, all molecular subtypes 
exist, which show distinct differences in outcomes 
and responses to treatment [16]. Therefore, a 
way to distinguish between basal-like and non- 
basal- like subtypes within TN breast cancer is 
highly desirable and has opened new avenues for 
advanced imaging.

Imaging phenotypes of TN breast cancers 
have been investigated in several studies. It was 
found that TN breast cancers tend to manifest as 
a mass with a relatively circumscribed margin 
and without calcifications. These women are 

also more likely to present with pure ductal car-
cinoma in situ or an in situ component adjacent 
to invasive cancers [31] and are more often asso-
ciated with calcifications on mammography. 
[17]. On US, TN breast cancers often present as 
a mass with circumscribed margins and posterior 
acoustic enhancement. On MRI, TN breast can-
cers frequently present as a mass with high sig-
nal intensity on T2-weighted sequences and rim 
enhancement on T1-weighted images (example 
in Fig.  8.4) [18–20]. For the prediction of 
response to a treatment or the survival outcome 
of TN breast cancers, the presence of intra- 
tumoral necrosis and an irregular mass on DCE- 
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Fig. 8.4 Invasive ductal TN cancer with a Ki-67 of 90% 
in a 44-year-old woman, medial prepectoral in the right 
breast. On the contrast-enhanced fat-sat T1-weighted 
image (a), the lesion appears as an irregularly shaped 
inhomogeneous mass, with (b) an initial fast enhancement 
and a post-initial plateau curve. On the ADC map (c), the 
lesion showed a restricted diffusivity and a mean ADC 

value of (1.063 × 10−3 mm2/s). Note the high signal on the 
T2-weighted STIR image (d), the similar appearance on 
DWI obtained with b = 0 s/mm2 (e) and the high signal of 
the only inner part of the lesion on DWI obtained with 
b = 850 s/mm2 (f). The high signal at the periphery of the 
lesion in D, E, and F could be attributed also to perile-
sional edema
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MRI were reported to be associated with the 
treatment failure of neoadjuvant chemotherapy 
[21, 22], and the presence of a peri-tumoral 
edema on T2-weighted sequences has been asso-
ciated with worse recurrence-free survival [23].

8.2.4  Breast Cancers in High-Risk 
Women

About 10% of all breast cancers are caused by a 
genetic predisposition. BRCA1 and BRCA2 are 
the most well-known genes whose pathogenic 
mutations can be responsible for an increased 
risk of developing breast cancer. Patients with 
“deleterious” BRCA1 and BRCA2 mutations have 
a 45–87% lifetime risk of developing breast can-
cer [24–27]. These breast cancers have distinct 
tumor characteristics, such as grade, and HR sta-
tus, which differ according to specific BRCA 
mutation types [28, 29].

BRCA1 mutation carriers are more likely to 
develop invasive ductal carcinomas with a high 
nuclear and histological grade, particularly TN 
cancers (example in Fig. 8.5). These more aggres-

sive tumors are more difficult to detect on mam-
mography and often present with apparently 
benign features, such as a round or oval shape 
with a circumscribed margin, and are, therefore, 
also more likely to present as interval cancers. 
The benign appearance of these cancers is most 
likely due to a rapid growth rate, especially in TN 
cancers [30] whose imaging differentiation from 
benign entities, such as fibroadenomas, is often 
possible only with MRI, as these lesions do not 
present with non-enhancing septa and often 
exhibit intermediate or malignant enhancement 
kinetics.

Hormone receptor–positive tumors with a 
lower histological and nuclear grade are more 
frequently seen in BRCA2 mutation carriers [28, 
29]. These women are also more likely to present 
with pure ductal carcinoma in situ or an in situ 
component adjacent to invasive cancers [31], 
associated with calcifications on mammography. 
However, in general, high-risk breast cancers are 
less likely to present with microcalcifications 
compared to the rate of these microcalcifications 
in the general population where they comprise up 
to 50% of breast cancers.

Furthermore, benign enhancement kinetics 
with MRI have been described for breast cancers 
associated with both BRCA1 and BRCA2 muta-
tions, which can complicate detection with 
MRI. One study reported a predilection for a pre-
pectoral localization of these breast cancers in 
high-risk women [32], a finding indirectly con-
firmed by a study showing that triple-negative 
breast cancers are located significantly closer to 
the chest wall than non-triple negative breast can-
cers [33].

8.3  Radiogenomics 
and Radiomics of Breast 
Cancer

Personalized cancer therapy relies on diagnostic 
tests being equally multilayered and complex to 
identify the relevant genetic alterations that 
would render cancers susceptible to treatment. 
Such tests must extend beyond the identification 
of single oncogenic defects and, moreover, 

Fig. 8.5 Invasive ductal TN cancer in a BRCA1 mutation 
carrier, caudal right breast. The round lesion had indistinct 
margins and demonstrated a rim enhancement. There was 
a round, circumscribed satellite lesion in the immediate 
vicinity, as well as skin thickening
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should encompass the genomic and molecular 
complexities of neoplastic disease to support the 
precise prediction, guidance, and monitoring of a 
therapy. Medical imaging has always been an 
integral part of disease diagnosis and treatment 
decisions in oncology. With significant advances 
in imaging techniques and analysis as well as the 
development of high-throughput methods to 
extract and correlate multiple imaging  parameters 
with genomic data, a new direction has emerged.

Radiogenomics is a novel approach that aims 
to correlate imaging characteristics (i.e., the 
imaging phenotype) with gene expression pat-
terns, gene mutations, and other genome-related 
characteristics of a given tumor [34–38]. 
Radiogenomics is not to be equated with 
radiomics. Radiogenomics investigates relation-
ships between imaging features and genomics, 
whereas radiomics refers to the methodology 
behind the conversion of digital medical images 
to higher-dimensional, mineable data, using 
computer classification algorithms, and correlat-
ing these features with various data of interest, 
including patient characteristics, outcomes, and 
‘omics’ data for improved decision support [34, 
36, 39, 40]. For a detailed review of the process 
of radiomics, i.e., image acquisition, volume of 
interest identification, segmentation, feature 
extraction and quantification, database building, 
classifier modeling, data sharing, and its chal-
lenges, refer to recent review articles by Gillies 
et al. [36] and Sala et al. [41].

The term “radiogenomics” was initially 
coined by radiation oncology specialists to 
describe the associations between patient genet-
ics and variations of patient sensitivities to 
 radiation treatment [42–44]. In contrast to the 
current use of radiogenomics, this area of 
research focuses on the identification of pheno-
types that represent normal tissue radiation toxic-
ity and will not be discussed in this chapter.

Radiogenomics represents the evolution of 
radiology-pathology correlation from the 
anatomical- histological to the cellular and sub-
cellular level. It is designed to facilitate a deeper 
understanding of tumor biology and capture the 
intrinsic tumor heterogeneity. Ultimately, the 
goal of radiogenomics is to develop imaging bio-

markers for outcome that incorporate both phe-
notypic and genotypic metrics. In a typical 
radiogenomics study, several qualitative and/or 
quantitative imaging features, such as signal 
intensity, shape, size, volume, or texture, are 
manually or semi-/automatically extracted and 
computed from an imaging dataset and are then 
correlated with individual gene expression pro-
files, genomic subtypes, or other molecular sub-
types. This correlation provides useful 
bi-directional information: imaging parameters 
can be used to predict cancer genotypes, and 
imaging phenotypes can be predicted from gene 
signatures [34, 35, 45, 46].

In breast imaging, the field of radiogenomics 
is just emerging. The first papers were published 
in 2012 [47], and the number has been increasing 
ever since. To date, radiogenomics in breast 
imaging is almost exclusively dominated by MRI 
[48]. This is due to the characteristics of the test, 
intrinsically multiparametric. MRI gained an 
essential role in breast imaging, with multiple 
established indications, being the most sensitive 
test for breast cancer detection [49–51]. DCE- 
MRI provides morphological, as well as func-
tional information, about neoangiogenesis as a 
tumor-specific feature [52, 53]. To overcome 
MRI limitations in specificity, functional param-
eters have been explored. While functional 
parameters, such as diffusion-weighted imaging 
(DWI), and, to some extent, proton MR spectros-
copy (MRS), have been implemented in the clini-
cal routine [54, 55], other promising MRI 
parameters, such as phosphorus MRS, chemical 
exchange saturation transfer (CEST), and sodium 
imaging are currently under investigation 
[56–60].

To date, a state-of-the-art MRI of the breast is 
usually performed as a multiparametric imaging 
protocol and comprises high-resolution DCE- 
MRI, T2-weighted imaging, and diffusion- 
weighted imaging (DWI). Thus far, MRI 
radiogenomics in the breast has mainly focused 
on DCE-MRI and the analyses of either individ-
ual genomic signatures, breast cancer molecular 
subtypes, or clinically used recurrence scores, 
with promising results. Although no radiogenom-
ics study has currently specifically focused on 
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breast cancer in high-risk patients, the field of 
radiogenomics in breast cancer is rapidly evolv-
ing and it is only a matter of time before this topic 
will be addressed. In the following section, we 
will briefly explain the image extraction tech-
niques and radiogenomic approaches, then we 
will review current applications and available 
results of radiogenomics in breast cancer, and 
finally we will address its challenges.

8.3.1  Image Extraction Techniques

The extraction of image information for breast 
radiogenomics can be performed with human 
input, semi-automatically, or fully automatically.

With human feature extraction, MRI images 
are typically reviewed by the reader to provide an 
assessment of specific variables. These variables 
are usually based on established descriptors used 
in routine breast imaging, such as enhancement 
type (mass versus non-mass), shape, margin, pat-
tern, or enhancement kinetics, as defined in the 
BI-RADS MRI lexicon [50]. Although human- 
extracted features can be easily assessed without 
any sophisticated post-processing or software, 
they are hampered by suboptimal inter- and intra- 
observer variability, which may result in weaker 
correlations, and, depending on the number of 
measurements needed, can be time-consuming, 
which limits implementation in clinical practice 
[45]. With the respect to these limitations, semi- 
and fully automatic approaches for feature 
extraction are preferred.

Semi-automatic or automatic approaches use 
computer algorithms to analyze images and 
extract the features of interest. With semi- 
automatic approaches, there is still a degree of 
human input, such as delineation of the tumor 
or definition of a region of interest necessary to 
allow further analysis and feature extraction. In 
fully automated approaches, computer vision 
algorithms are used and no human input is 
required, eliminating this potential source of 
error. Computer vision algorithms and data 
mining can assess a multitude of textural and 
kinetic features that are beyond human 
perception.

Textural features are typically evaluated by 
texture analysis, which aims to quantify the inter-
nal morphology and the three-dimensional struc-
ture of the lesion in question. Texture analysis 
approaches usually address four major tasks: fea-
ture extraction; texture discrimination; texture 
classification; and, if necessary, shape recon-
struction [61, 62]. In the first step of feature 
extraction, calculations are performed that gener-
ate a numerical value for a specific texture prop-
erty. These calculations can be based on 
statistical, structural, model-based, signal pro-
cessing, and transform methods. To date, there 
are already texture libraries publicly available, 
which provide such variables as the MaZda fea-
tures [61] and Haralick features [63]. For texture 
discrimination, the images are then segmented 
and regions with similar texture features are 
grouped together. Consequently, these texture 
regions are matched with predefined variables, 
such as fat, fibroglandular, benign, or malignant 
tissue, and thus, the texture is classified. 
Figure  8.6 demonstrates a segmentation algo-
rithm of a breast MRI with classification into fat 
and fibroglandular tissue. The derived textural 
information can be used to reconstruct three- 
dimensional shapes or models. Finally, the results 
of the texture analysis can be correlated with 
genomic or outcome variables.

In addition to the evaluation of textural fea-
tures, data mining algorithms can also assess 
enhancement kinetics, which correlate with neo-
angiogenesis as a tumor-specific feature. Kinetic 
features quantify the enhancement of tumors over 
time on high temporal resolution, contrast- 
enhanced MRI.  Kinetic variables that are com-
monly assessed are the rate of contrast 
enhancement on the first post-contrast sequences, 
the magnitude of the peak enhancement, or the 
slope of the late post-contrast sequences. In a 
study by Maciej A. Mazurowski and coworkers 
[10], a significant association was found between 
the luminal B subtype and a dynamic feature that 
quantifies the relationship between lesion 
enhancement and background parenchymal 
enhancement (BPE).

In contrast to human-extracted features, com-
puter vision algorithms allow rapid throughput of 
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large image data volumes, are not reader- 
dependent, can provide information that is 
beyond human perception, and could theoreti-
cally be easily implemented into the clinical 
workflow. However, to date, the results of these 
computer vision algorithms are not readily repro-
ducible due to a lack of image protocol and data 
extraction standardization. Before a seamless 
implementation into the clinical routine is possi-
ble, commercially available solutions must be 
developed.

8.3.2  Radiogenomics Approaches

Radiogenomics studies are categorized as either 
exploratory or hypothesis-driven. In the first cat-
egory, a radiogenomics approach is used to test 
the extracted imaging features against a multi-
tude of different genomic variables. In this 
approach, metrics, such as the false discovery 
rate, are often implemented to identify meaning-
ful prospective variables in the setting of multiple 
hypotheses testing [48, 64, 65]. Another method 
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Fig. 8.6 Illustration of the process of fibroglandular tis-
sue segmentation. (a) Joint histogram of fat- and water- 
weighted pixel intensities. Top, Heat-map illustration, 
where red indicates a high number of voxels sharing the 
specific combined fat-weighted and water-weighted val-
ues. Bottom, The 3D representation of the histogram. The 
green arrow shows at which position the selected voxel 
(green square) is located in the histogram, with a high 
value in the fat-weighted image and a low value in the 
water-weighted image. (b) The optimal separating line is 
determined by (1) detecting two cluster peaks that corre-
sponded to the majority of the voxels containing the two 
different tissue types (circle symbols), (2) determining the 
line bisector between the peaks (symbol ⊗ in the dia-

gram), and (3) by setting the threshold as a straight line 
from the diagram origin to ⊗], and dividing the histogram 
into fat tissue (red) and dense tissue (blue) area. (c) 
Illustration of the assignment of each voxel to either fat 
tissue (red) or dense tissue (blue) according to the SI val-
ues and the determined separating line. (Reprinted with 
permission from: Wengert GJ1, Helbich TH, Vogl WD, 
Baltzer P, Langs G, Weber M, Bogner W, Gruber S, 
Trattnig S, Pinker K. Introduction of an automated, user- 
independent, quantitative, volumetric magnetic resonance 
imaging breast density measurement system using the 
Dixon sequence: comparison with mammographic breast 
density assessment. Invest Radiol. 2015;50:73–80)
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is hierarchical clustering, which is used to iden-
tify similarities in large genetic datasets. In this 
approach, individual data points that show simi-
larities are clustered until the clustering process 
has established the relationship between all data 
points. The largest group at the top of the hierar-
chical clustering map is then used to define dif-
ferent groups within the dataset. A famous 
example of this approach is the original definition 
of the molecular subtypes of breast cancer by 
Charles M. Perou and coworkers [66].

In hypothesis-driven radiogenomics, research 
imaging phenotypes are correlated with specific 
genetic alterations or signatures [45], with  several 
potential benefits for diagnostic and therapeutic 
interventions. As currently no low-cost genetic 
testing is readily available, the development of 
accurate surrogates by means of radiogenomics 
with MRI would provide an attractive alternative. 
Alternatively, radiogenomics might be used to 
develop imaging surrogates for specific genetic 
signatures to predict outcome variables, such as 
response to therapy or early metastases [67, 68].

8.4  Applications of 
Radiogenomics in Breast 
Cancer Management

8.4.1  Individual Genomic 
Signatures

The first radiogenomic breast MRI study was an 
exploratory analysis of the correlations of global 
gene expression characterization with DCE-
MRI, which set the stage for the radiogenomic 
age in breast imaging. In this pilot study, Shota 
Yamamoto and coworkers [47] investigated ten 
patients with preoperative DCE-MRI and global 
gene expression analysis and presented a pre-
liminary radiogenomic association map that 
linked MRI phenotypes to underlying global 
gene expression patterns in breast cancer. In this 
study, high-level analysis identified 21 imaging 
traits that were globally significantly correlated 
with 71% of the total genes measured in patients 
with breast cancer. Moreover, there were signifi-
cant correlations between heterogeneous 

enhancement patterns and the interferon-rich 
breast cancer subtype (recently identified from 
ER-PR-HER2-tumors, showing overexpression 
of interferon-regulated genes). In addition, 12 
imaging traits significantly correlated (false dis-
covery rate <0.25) with breast cancer gene sets 
and 11 traits correlated (false discovery rate 
<0.25) with prognostic gene sets. In a more 
recent study, the same groups of authors [66] 
pursued these analyses and investigated the 
multiscale relationships among quantitative, 
computer vision-extracted DCE-MRI pheno-
types, early metastasis, and long noncoding 
RNA (lncRNA) expression, using high-resolu-
tion, next- generation RNA sequencing. 
Radiogenomic analysis allowed the identifica-
tion of eight lncRNAs that were significantly 
associated with the enhancing rim fraction 
(ERF) score. The ERF score is associated with 
early metastasis and the expression of Homeobox 
transcript antisense intergenic RNA, a known 
predictor of poor metastasis-free survival 
(Fig. 8.7).

8.4.2  Correlation with Molecular 
Breast Cancer Subtypes

Most data for breast MRI radiogenomics is 
derived from molecular breast cancer subtypes 
[69–72]. There is a strong demand for more accu-
rate, non-invasive means of differentiating 
molecular breast cancer subtypes, and radioge-
nomics could, therefore, provide an attractive 
alternative.

Several authors [10, 73, 74] have investigated 
DCE-MRI enhancement kinetics and molecular 
breast cancer subtypes. Eric Blaschke and 
Hiroyuki Abe [74] used IHC surrogates of molec-
ular breast cancer subtypes and found that HER2- 
positive cancers showed a more rapid initial 
phase enhancement than other subtypes. Maciej 
A.  Mazurowski and coworkers [10], as already 
mentioned above, investigated DCE-MRI 
enhancement kinetics and molecular subtypes 
derived from formal genetic testing in 48 patients 
and found an increased ratio of tumor to back-
ground parenchymal enhancement in HER2- 
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positive cancers. Both groups of authors attributed 
these findings to an increased tumor neoangio-
genesis induced by HER2 overexpression. Ken 
Yamaguchi and coworkers [73] assessed the 
delayed phase of enhancement in 192 cancers 
and correlated these with the IHC surrogates of 
molecular breast cancer types. Luminal A and 
basal-like cancers demonstrated less washout on 
the delayed phase of enhancement, and the 
authors attributed these findings in luminal A 
cancers to the association with ductal carcinoma 
in situ in their study sample, and, in basal-like 
cancers, to the existence of tumor necrosis and 
central scarring.

Recently, other functional MRI parameters, 
such as those derived from DWI, have been 
implemented in the clinical routine. Several stud-
ies have demonstrated that apparent diffusion 
coefficient (ADC) mapping derived from DWI 
sequences improves diagnostic accuracy in breast 
cancer diagnosis [75–79]. In addition, DWI with 
ADC mapping has been assessed for correlations 
of ADC values and molecular breast cancer sub-
types [80–82]. All studies independently showed 
that HER2-positive cancers had high ADC val-

ues, whereas luminal B cancers without HER2 
overexpression had low ADC values. An explana-
tion for this counterintuitive finding might be an 
increased tumor neo-angiogenesis, as HER2 
overexpression induces vascular endothelial 
growth factor, which, in turn, leads to increased 
vessel diameters, vascular permeability, and 
extracellular fluid. These interesting findings 
indicate that functional parameters can signifi-
cantly contribute to our understanding of tumor 
biology and highlight their potential for radioge-
nomics in breast cancer.

One of the main objectives of radiogenomics 
in breast imaging is to develop imaging bio-
markers as surrogates for genetic testing, and 
three studies have thus far approached this task. 
Shelley A. Waugh and coworkers [83] explored 
texture analysis from 220 imaging features to 
identify molecular breast cancer subtypes, with 
limited success. They achieved a classification 
accuracy of 57.2%, with an AUC of 0.754. Lars 
J Grimm and coworkers [84] developed a model 
that incorporated 56 imaging features, including 
lesion morphology and texture, as well as 
kinetic features. On multivariate analysis, they 
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Fig. 8.7 Graph shows molecular characteristics of the 
enhancing rim fraction (ERF) score phenotype in train-
ing (n  =  19) and validation (n  =  42) sets. Continuous 
ERF scores for each patient are listed from low to high 
in the respective datasets. Status of estrogen receptor, 
progesterone receptor, epidermal growth factor receptor 
2, triple negative receptors, tumor protein 53, and 
lncRNA expression are provided as labeled. Recurrence 

and follow-up data are also included. (Reprinted with 
permission from: Yamamoto S, Han W, Kim Y, Du L, 
Jamshidi N, Huang D, Kim JH, Kuo MD. Breast Cancer: 
Radiogenomic Biomarker Reveals Associations among 
Dynamic Contrast-enhanced MR Imaging, Long 
Noncoding RNA, and Metastasis. Radiology. 
2015;275:384–392)
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demonstrated a significant strong association 
between the collective imaging features and 
both luminal A and luminal B molecular breast 
cancer subtypes. In a study by Hui Li and 
coworkers [70], radiomics analysis was per-
formed on 91 DCE- MRI datasets of biopsy-
proven invasive breast cancers from the National 
Cancer Institute’s multi-institutional TCGA/

TCIA. The performance of a classifier model for 
molecular subtyping was evaluated using 
receiver operating characteristic analysis, and 
the computer- extracted tumor phenotypes were 
able to distinguish between molecular prognos-
tic indicators (Fig. 8.8). The results indicate that 
 computer- extracted image phenotypes show 
promise for high-throughput discrimination of 
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Fig. 8.8 Illustration of the computer segmentation 
method in example cases of one estrogen receptor-posi-
tive tumor and one estrogen receptor-negative tumor. The 
tumor segmentation outlines are shown (a) ER-positive 
example; (b) ER-negative example, along with (c) com-
puter-extracted image phenotype (CEIP) values (and 
ranges) for size, irregularity, and contrast enhancement 

heterogeneity. (Reprinted from: Li H, Zhu Y, Burnside ES, 
Huang E, Drukker K, Hoadley KA, Fan C, Conzen SD, 
Zuley M, Net JM, Sutton E, Whitman GJ, Morris E, Perou 
CM, Ji Y, Giger ML.Quantitative MRI radiomics in the 
prediction of molecular classifications of breast cancer 
subtypes in the TCGA/TCIA data set. NPJ Breast Cancer. 
2016;2. pii: 16012)
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breast cancer subtypes and may yield a quantita-
tive, predictive signature for advancing preci-
sion medicine.

8.4.3  Recurrence Scores

MRI features of breast cancer have also been cor-
related with clinically available genomic assays 
(OncotypeDx, Genomic Health, CA; 
MammaPrint, Agendia, CA; Mammostrat, 
Clarient Diagnostic Services, CA; PAM50/
Prosigna, NanoString, WA), which provide 
scores for the risk of recurrence and guide treat-
ment decisions [68, 69, 72, 85, 86]. Ahmed 
B.  Ashraf and coworkers [68, 87] investigated 
radiogenomics correlations of DCE-MRI fea-
tures and the 21-gene recurrence score assay 
(OncotypeDx). They identified four dominant 
imaging phenotypes, two of which were exclu-
sively associated with low- and medium-risk 
tumors. DCE-MRI kinetic features and imaging 
phenotypes were predictive of recurrence risk, 
with area under the curve at the ROC analysis of 
0.82. Tumors with greater neo-angiogenesis were 
associated with an increased risk of recurrence. 
Lisabethe J. Sutton and coworkers [72] assessed 
the correlations of morphological and texture- 
based image features extracted from breast MRI 
with the OncotypeDx 21-gene recurrence score 
assay in 95 patients with a median Oncotype Dx 
recurrence score of 16 (range: 0–45). Thus, the 
authors developed a model using imaging and 
pathology information that correlated with the 
Oncotype Dx recurrence score (Fig. 8.9).

In a recent study, Hui Li and coworkers [69] 
investigated the relationships of computer- 
extracted breast MRI phenotypes with the cur-
rently clinically available multigene assays 
(MammaPrint, Oncotype DX, and PAM50/
Prosigna) to assess the role of radiogenomics in 
detecting or predicting the risk of breast cancer 
recurrence. Significant associations were found 
between breast cancer MRI radiomics signatures 
and the multigene assay recurrence scores 
(r = 0.5–0.56, p < 0.0001). Results from multiple 
linear regression analyses indicated that tumors 
with a high risk of recurrence are larger with a 

more heterogeneous enhancement. Figure  8.10 
shows a correlation heat map based on univariate 
linear regression analysis between each individ-
ual MR imaging phenotype and the MammaPrint, 
Oncotype DX, PAM50 ROR-S, and PAM50 
ROR-P risks of recurrence scores. Some pheno-
types correlated similarly across the risk estimate 
models, whereas others did not.

8.4.4  Challenges

In radiogenomics, large datasets of genetic infor-
mation, patient characteristics, and standardized 
images are needed. Breast imaging MRI is rou-
tinely performed for various indications, and thus, 
this data is often available for retrospective 
research. However, there is often a substantial 
inter- and intra-institutional heterogeneity of data-
sets because of different hardware, scan protocols, 
and post-processing which limits the generaliz-
ability of the results of individual studies. In con-
trast to imaging data, the acquisition of patient 
genetic information or the conducting of genetic 
testing is often a challenge and can be costly. A 
solution is the use of paired genetic and imaging 
repositories, such as the Cancer Genome Atlas and 
the Cancer Imaging Archive through the National 
Cancer Institute, which provide a collaborative 
source of genetic and imaging data [88]. However, 
to date, there are still limited patient numbers.

In some cases, IHC surrogates can be used, 
e.g., for the prediction of molecular subtypes. 
However, although these IHC surrogates can pro-
vide clinical guidance, there is variable agree-
ment with formal genetic testing (41–100%) and 
IHC surrogate markers have been shown to be 
less robust in predicting patient outcomes [15, 
74, 89]. In addition, for most genetic defects, 
such surrogates have not been identified.

To date, most of the available radiogenomics 
studies are retrospective and feature small 
patient cohorts (<100), which limit the conclu-
sions that can be drawn to some extent [33, 45, 
72]. Larger prospective studies are, therefore, 
warranted to define which radiogenomics asso-
ciations can be meaningfully implemented in 
the clinical routine.
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Fig. 8.9 The best-fit linear regression model allows imag-
ing features to differentiate tumors with different Oncotype 
Dx Recurrence Scores (ODxRS). (a) Sagittal, T1-weighted, 
fat-suppressed, post-contrast MRI of an invasive, ductal, 
nuclear grade 1 carcinoma with an ODxRS of 10 and (b) 
corresponding kurtosis histogram, which demonstrates the 
frequency of MR intensity. (c) Sagittal, T1-weighted, fat-
suppressed post-contrast MRI of an invasive ductal nuclear 
grade 2 carcinoma with an ODxRS of 21 and (d) corre-

sponding kurtosis histogram. (e) Sagittal, T1-weighted, fat- 
suppressed post-contrast MRI of an invasive ductal nuclear 
grade 3 carcinoma with an ODxRS of 43 and (f) corre-
sponding kurtosis  histogram. (Reprinted by permission 
from: Sutton EJ, Oh JH, Dashevsky BZ, Veeraraghavan H, 
Apte AP, Thakur SB, Deasy JO, Morris EA. Breast cancer 
subtype intertumor heterogeneity: MRI-based features pre-
dict results of a genomic assay. J Magn Reson Imaging. 
2015;42:1398–1406)
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8.5  Conclusion

Radiogenomics investigates the correlations 
between imaging phenotypes and disease genomic 
characteristics to enable a deeper understanding 
of underlying pathologic processes. Due to the 
non-invasive nature of medical imaging and its 
ubiquitous use in clinical practice, the emerging 
field of radiogenomics offers many potential 
applications for cancer imaging and patient care. 
To date, radiogenomics in breast cancer has 
mainly investigated DCE-MRI as an imaging 
modality, but it can be expected that the explora-
tion of additional functional imaging data, such as 
MR diffusion, perfusion, spectroscopy data as 
well as data from positron emission tomography 
(PET) will open new avenues of multi-dimen-
sional radiogenomic research [53, 54].

However, additional efforts and rigorous stan-
dardization will be necessary to validate the 
already-described radiogenomic correlations, to 
discover new correlations, and to define clini-
cally relevant imaging biomarkers to be trans-
lated into the clinical arena. In breast cancer, 
radiogenomics has thus far focused on the cor-
relation of breast imaging phenotypes and indi-
vidual genomic signatures, breast cancer 
molecular subtypes, or clinically used recur-
rence scores.

High-risk breast cancer presents with distinct 
imaging phenotypes and genetic alterations and 
thus represents an interesting topic for radioge-
nomics. However, to date, there is no study that 
has specifically focused on high-risk breast can-
cer with radiogenomics. Due to the large number 
of clinically relevant genetic variables in breast 
cancer and the continuous advancements in breast 
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Fig. 8.10 Correlation heat map based on univariate lin-
ear regression analysis between each individual MR 
imaging phenotype and the recurrence predictor models 
of MammaPrint, Oncotype DX, PAM50 ROR-S, and 
PAM50 ROR-P. In this color scale, yellow indicates higher 
correlation compared to blue, and the different gene 
assays served as the “reference standard” in this study. 
Some phenotypes correlated similarly (i.e., similar color 
on the color scale) across the risk estimate models, while 

others did not. (Reprinted by permission from: Li H, Zhu 
Y, Burnside ES, Drukker K, Hoadley KA, Fan C, Conzen 
SD, Whitman GJ, Sutton EJ, Net JM, Ganott M, Huang E, 
Morris EA, Perou CM, Ji Y, Giger ML.  MR Imaging 
Radiomics Signatures for Predicting the Risk of Breast 
Cancer Recurrence as Given by Research Versions of 
MammaPrint, Oncotype DX, and PAM50 Gene Assays. 
Radiology. 2016;281:382–391)
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imaging, more radiogenomic multi- dimensional 
studies will emerge and it is only a matter of time 
until they focus on high-risk patients.

Ideally, in the future, radiogenomics in breast 
cancer will span the whole spectrum of patient 
populations and combine multiple qualitative and 
quantitative parameters with genomic alterations 
to devise meaningful imaging biomarkers for 
precision medicine in breast cancer.
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Abbreviations

ACS American Cancer Society
AUC Area under the curve
BC Breast cancer
CBE Clinical breast examination
CE-MRI Contrast-enhanced magnetic 

resonance imaging
DBT Digital breast tomosynthesis
DCIS Ductal carcinoma in situ
EBM Evidence-based medicine
HER2 Human epidermal growth factor 

 receptor 2
HR Hazard ratio
LTR Lifetime risk
MRI Magnetic resonance imaging
PPV Positive predictive value
RCT Randomized controlled trial
ROC Receiver operating characteristic
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9.1  Introduction

Evidence-based medicine (EBM) [1] is generally 
adopted as a method for guiding clinicians as 
well as governmental bodies so that we should be 
able to define the best evidence-based medical 
practices. The EBM principles are increasingly 
applied to radiology [2], where a specific safety 
criterion regards the reduction of radiation expo-
sure to a level defined as low as reasonably 
achievable (ALARA) [3].

The Oxford center for EBM [4] clearly distin-
guishes between diagnostic tests and screening 
tests.1 For example, the definition of the disease 
size (or extent, at large) 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. 
This means that non-randomized prospective 
(especially intra-individual) studies enable us to 
choose the test with the best sensitivity/specific-
ity, without needing randomized controlled trials 
(RCTs). Conversely, screening tests should be 
demonstrated to be effective in terms of patient 
outcome (i.e., overall or disease-specific survival, 
disease-free or metastasis-free survival, etc.) by 
RCTs before being implemented in practice [4], a 
rule also affirmed in 2002 by a European 
Guideline [5].

1 See also Chap. 11 (in particular Table  11.1) on this 
matter.
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As already outlined in Chap. 1, during the 
1990s, the availability of both BRCA genetic test-
ing and contrast-enhanced (CE) breast MRI 
determined the conditions for studies aimed at 
comparing MRI with conventional imaging, i.e., 
mammography and ultrasound (US), for the 
detection of breast cancers (BCs) in BRCA muta-
tion carriers, in their first-degree relatives as well 
as in women with family history implying a high 
risk of hereditary BC predisposition. Thus, an 
intra-individual design was adopted to firstly 
demonstrate the diagnostic performance of MRI, 
characterized by a superior sensitivity coupled 
with an acceptable specificity. This was the aim 
of the studies that initially reported on MRI ver-
sus mammography/US for screening women at 
high BC risk [6–12].

The gap in sensitivity between MRI and mam-
mography, the standard BC screening tool, was 
so high that the ideal second phase, i.e., RCTs, to 
demonstrate that high-risk women screened with 
MRI have an advantage in terms of patient out-
come became ethically unfeasible. This unfeasi-
bility was due to the combination of the high 
MRI sensitivity with the high probability of BC 
in a high-risk population: the BC diagnosis antic-
ipated by MRI was considered as more likely 
positively impacting survival than determining a 
negative effect in terms of overdiagnosis and 
overtreatment. The known effect of mortality 
reduction by early BC detection through screen-
ing mammography in the general population was 
translated to MRI in the high-risk population.

In this chapter, after an overview of the gen-
eral context given by screening mammography in 
the general female population, we describe the 
main results obtained by intra-individual studies 
comparing MRI with conventional imaging for 
screening women at high BC risk.

9.2  The Context: Secondary 
Prevention of BC by 
Screening Mammography

In the last 50 years, the context of secondary pre-
vention of BC in the general female population 
has been the kingdom of screening mammogra-

phy, notwithstanding its intrinsic limitations in 
terms of sensitivity and specificity. Mammography 
evolved from the screen-film to the digital tech-
nique, demonstrated to be more sensitive in 
women under 50, those with dense breasts, or in 
premenopausal or perimenopausal age [13]. 
Although substantial differences do exist in terms 
of organizational matters and testing perfor-
mance between organized population-based mass 
screening in most European countries and spon-
taneous screening in the United States (mainly 
consisting in a higher false-positive recall rate in 
the latter modality [14]), the general issue char-
acterizing the debate on screening mammogra-
phy in the last two decades is the effectiveness of 
screening mammography in reducing the BC 
mortality and the harm-to-benefit balance.

This debate has been dominated by a never- 
ending discussion on overdiagnosis, i.e., the 
screening diagnosis of a cancer that would not 
become clinically evident during the woman’s 
lifetime in the absence of the screening participa-
tion. The harm of overdiagnosis is not only the 
psychological effect of the diagnosis but mainly 
the overtreatment that follows the overdiagnosis. 
It is clear that the final judgment on the harm-to- 
benefit balance of screening mammography is 
dependent on the extent of this phenomenon in 
relation to the mortality reduction. A review [15] 
recently highlighted the huge variability in the 
ratio between the estimated overdiagnosis and 
the estimated mortality reduction in eight studies. 
A 25-fold variation (from 0.4 to 10) was found to 
strongly correlate with the “attitude” of the cor-
responding authors to the screening, which could 
mean that being either in favor or against screen-
ing mammography influences the results. We do 
not enter here in the highly complex statistical 
issues regarding the estimation of overdiagnosis. 
We only note that the discussion is hot and prob-
ably will continue in the next years.

What is more relevant is the other side of the 
dilemma, i.e., the general question about the role 
of early (preclinical) detection in determining a 
mortality reduction. A basic argument against 
screening mammography is the following: the 
more effective the treatments, the less favorable 
is the harm-to-benefit balance of screening mam-
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mography [16]. Considering that therapies (espe-
cially adjuvant treatment and radiation therapy) 
strongly improved in the last 20 years, a funda-
mental question is: did we reach the break-even 
point where the T stage of the tumor is no longer 
impacting patients’ outcome? If yes, there would 
be no reason to organize any screening, indepen-
dently of the preferred estimation of overdiagno-
sis. If no, to screen for detecting smaller cancers 
than those we would encounter waiting for their 
clinical appearance should remain a major goal 
of preventive medicine.

In 2005, Donald A. Berry and coworkers [17] 
estimated the changes in the rate of deaths from 
BC (the number of deaths/100,000 women) from 
the 1970s to 2000, showing that only the combi-
nation of screening and adjuvant therapy 
explained the reduction of this rate from a peak 
near to 50  BC deaths/100,000 women to about 
35  in 2000. The proportion in this reduction 
attributed to screening mammography varied 
from 28% to 65% in seven models considered 
(median 46%), the remaining proportion being 
attributed to adjuvant therapy. Thus at that time, 
the authors described a near 50%-to-50% contri-
bution of screening mammography and adjuvant 
therapy in determining the decline of BC 
mortality.

Today, the crucial question is the following:  is 
early detection still relevant for BC patient out-
come in the era of modern powerful systemic 
therapies including targeted biological treat-
ments? The answer is yes. This has been demon-
strated by a population-based study from the 
Netherlands Cancer Registry [18], evaluating 
more than 170,000 patients: although the rate of 
those receiving neoadjuvant/adjuvant therapy 
from 1995–2005 to 2006–2012 increased from 
53% to 60%, the mortality in 2006–2012 still 
increased with progressing tumor stage, signifi-
cantly for T1c versus T1a (hazard ratio [HR] 
1.54), and independently of the nodal status. 
Moreover, we must consider that screening mam-
mography has a relevant role in making neoadju-
vant treatment more effective, as shown by its 
ability to downscale the clinico-pathological fea-
tures of invasive BCs and reducing the need for 
loco-regional and adjuvant treatments [19–22].

In 2015, the International Agency for Research 
on Cancer (IARC) summarized the evidence for 
screening mammography [23], contributing to 
clarify a so hotly discussed matter [24]. The esti-
mated reduction in BC mortality has been esti-
mated to be 23% for all women aged 50–69 
invited to be screened (i.e., also including those 
not accepting the invitation) and 40% for women 
aged 50–69 who are screened. A limited evidence 
was reported for mortality reduction in women 
aged 40–49 (less pronounced mortality reduc-
tion) and 70–74 (substantial mortality reduc-
tion). The IARC working group also reported the 
overdiagnosis rate to be from 1% to 10% or from 
4% to 11%, according to different estimation 
methods, substantially confirming the estimates 
provided in 2012 by the EUROSCREEN work-
ing group [25].

The EUROSCREEN working group [26] also 
presented their estimate of the harm-to-benefit 
balance of screening mammography using natu-
ral frequencies, a method that allows for a better 
understanding by the public. They say that for 
every 1,000 women that have biennial mammog-
raphy in a European population-based screening 
program from 50 to 69 years of age and are fol-
lowed up to 79 years of age, we observe:

• 8 women with a screen-detected BC, treated 
for the disease, who survived thanks to the 
screening

• Other 47 women diagnosed with a BC, treated 
and survived

• 4 women with BC overdiagnosis (and 
overtreatment)

• 12 women who died for BC
• 30 women who underwent image-guided nee-

dle biopsy for benign findings
• 170 women who underwent further imaging 

(during the recall session) for benign findings
• 729 women, never recalled, reassured on the 

absence of cancer in their breasts

This means that the risk for a false-positive 
recall is limited to 20% for women aged 50–69 
who have ten screens in 20 years; 15% of recalled 
women have an invasive procedure, which results 
in a probability during the 20 years of 3%. The 
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probability of overdiagnosis is half the probabil-
ity to have the life saved. Notably, overdetection, 
a radiological issue, should be considered as a 
quite different topic from overdiagnosis [27], 
which implies also an essential role of patholo-
gists, with their suboptimal reproducibility, espe-
cially in the case of differential diagnosis between 
atypical ductal hyperplasia and ductal carcinoma 
in situ [DCIS] [28, 29], where a second opinion 
may be beneficial [29, 30], while more efforts 
should be directly dedicated to the reduction of 
overtreatment.

However, one weak point of population-based 
screening programs is the one size fits all general 
principle: in Europe, mammography every 
2 years (every 3 years in the United Kingdom) 
from 49 to 69  years. Some changes mainly 
regarded the invitation of women from 40 or, 
more frequently, from 45 to 49 to get a mammo-
gram every year. All in all, organizational issues 
and other factors worked against the idea to strat-
ify the screening strategy according to the risk 
level and breast density. The latter factor is rele-
vant: even though density as an independent risk 
factor is commonly overestimated [31], its mask-
ing effect results in a relevant reduction in mam-
mography sensitivity [32], as also discussed in 
Chap. 20 of this book. An organized screening 
strategy tailored for the woman’s individual risk, 
also considering breast density, is a hope for the 
future.

Coming to the crucial point, in the late 1990s 
and the early 2000s, the current recommenda-
tions for BRCA mutation carriers were to undergo 
breast surveillance from age 25  years onward 
with annual mammography and clinical breast 
examination (CBE) every 6 months [33, 34]. It 
was clear that screening mammography in high- 
risk women was inadequate. Its sensitivity ranged 
from 29% to 50%, interval cancer rate from 35% 
to 50%, and metastatic nodal involvement at 
diagnosis from 20% to 56% [35].

A new strategy to be implemented had to con-
sider three crucial needs:

 1. To start very early in the life of high-risk 
women, accounting for the high probability of 
an early onset of BC

 2. To perform screening events every year or 
closer, accounting for the fast BC growth in 
these women

 3. To warrant independence of the screening tool 
from breast density, accounting for the wom-
an’s young age and for the higher breast den-
sity in high-risk women

In addition, the possibility of avoiding ioniz-
ing radiation exposure is an important issue, 
accounting for the higher susceptibility to radia-
tion of BRCA mutation carriers, as extensively 
discussed in Chap. 12 of this book.

This was the context when the first MRI- 
including screening studies were reported, during 
the first decade of 2000. As mentioned above, 
mammography had moved from screen-film to 
digital but no impact from this transition was 
expected for high-risk women.

9.3  High-Risk Screening 
with MRI: From a Mission 
Impossible to the First 
Evidence (2000–2006)

To explore the diagnostic power of breast MRI in 
a screening setting was initially considered as a 
mission impossible. The typical criticism, espe-
cially from epidemiologists, was: MRI specificity 
is too low, and you will be flooded by a deluge of 
false positives. The reasons for this view are 
extensively explained in Chap. 2 of this book.

Several breast imaging research groups started 
to verify the hypothesis that CE-MRI could be 
useful for BC screening in women at increased 
BC risk, especially those with hereditary predis-
position. This was also a way to begin to discuss, 
from the side of high risk, the one size fits all 
principle. Breast radiologists had to get at least 
basic knowledge about familial/genetic predispo-
sition to BC. In 2010, we summarized this knowl-
edge as follows [36]:

• Autosomal dominant inherited BCs are only 
5% of all BCs (one third of all familial BCs).

• BRCA1/2 mutations account for only about 
40% of autosomal dominant inherited BCs 
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and other known genes explain about 10%, 
while the remaining 50% has no gene muta-
tion clearly identified. BRCA1/2 deleterious 
mutations confer to the carrier an over 40–50% 
of lifetime risk (LTR).2

• Most BCs in very young women are associ-
ated with a BRCA1 mutation, a condition that 
may also show association with ovarian 
cancer.

• In women carrying a BRCA2 mutation, the 
risk profile is shifted to a slightly more 
advanced age, while BCs in males are com-
monly associated with this type of mutation.

More detailed information on this topic can be 
found in Chap. 3 of this book.

This basic knowledge allowed radiologists to 
identify those women whose family history indi-
cates the possibility of an inherited BC predispo-
sition. Since 2004–2005, software could be used 
for a preliminary risk evaluation, such as that 
based on the Tyrer-Cuzick model [37, 38] (BC 
risk modeling is extensively treated in Chap. 20 
of this book). However, radiologists (and other 
professionals who suspected a BC genetic predis-
position) had to refer the woman suspected to be 
at high-risk to a specialized department/center 
for genetic and psycho-oncology counseling to 
define the possibility of genetic testing. 
Importantly, radiologists learned that in the case 
of strong family history of BC and/or ovarian 
cancer without identification of known gene 
mutations in the family, genetic testing had to be 
defined as inconclusive and the case had to be 
labeled as BRCAX [39]. Finally, it was important 
to know that for different reasons, including 
unsuitable psycho-oncologic condition, women 
with strong family history often prefer not to per-
form any genetic testing.

The first pilot study was reported by Christiane 
K. Kuhl in 2000 [6]. In 192 asymptomatic women 
proven or suspected to be carriers of a BC sus-
ceptibility gene mutation included in this report 
(which also included 6 symptomatic cases, here 
not considered), 9 BCs were detected at the 

2 Unless differently specified, in this chapter, with LTR we 
mean cumulative LTR.

University of Bonn Medical Center in 293 screen-
ing events. Sensitivity was 33% for mammogra-
phy, 33% for US (44% for mammography and 
US combined), and 100% for MRI; the positive 
predictive value (PPV) was 30% for mammogra-
phy, 14% for US, and 64% for MRI. The authors 
concluded that the accuracy of MRI was signifi-
cantly higher than that of conventional imaging 
in screening high- risk women. These data were 
later included in the final report published in 
2005 [12].

Thereafter, several cohort prospective single- 
or multi-center studies on asymptomatic high- 
risk women followed, building a robust body of 
evidence in favor of breast MRI screening in this 
population. We will now focus on these studies 
for which reports were published up to 2017. To 
present the historical pathway that led to the 
acceptance of MRI in this setting, we firstly 
describe the results of the studies on which the 
American Cancer Society (ACS) based the 2007 
guidelines [40] in favor of MRI screening for 
women at high risk, which represented a turning 
point in this story. In the next section we will 
describe the results of the prospective studies 
published after the publication of the ACS 
guideline.

In 2002, we reported [7] the preliminary results 
of the first phase (21 months) of the High Breast 
Cancer Risk Italian (HIBCRIT-1) study. At that 
time, 105 asymptomatic women (mean/median 
age 46/51  years; range 25–77  years) had been 
enrolled in 12 centers in Italy, under the coordina-
tion of the Istituto Superiore di Sanità, Roma. 
They either were proven BRCA1 or BRCA2 muta-
tion carriers, or had a 1:2 probability of being 
BRCA mutation carriers, or had a high record of 
first- and/or second-degree relatives at very high 
incidence of breast cancer. Importantly, 40 of 105 
(38%) had a previous personal history of BC. The 
study protocol included yearly mammography, 
US, and MRI, independently interpreted.3 During 
this first phase of the study (119 screening events), 
8 BCs were detected (2 invasive ductal; 2 invasive 
lobular; 1 invasive mixed ductal/lobular; 2 multi-

3 Data on clinical breast examination will be illustrated 
below, with the final results of the HIBCRIT-1 study.
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focal DCIS; 1 DCIS associated with lobular car-
cinoma in situ). All study- detected BCs (8/8) 
were identified by MRI, while mammography 
and US correctly classified only one. MRI had 
one false-positive case, mammography and US 
none. Of 7 BCs detected on MRI- only (4 inva-
sive, 3 DCIS), 2 occurred in premenopausal 
women, 5  in postmenopausal women. Despite 
the still preliminary nature of these data, we con-
firmed that MRI is a very useful tool to screen 
subjects at high genetic risk for breast carcinoma, 
not only in premenopausal but also in postmeno-
pausal age, with a low probability of false-posi-
tive cases. We also estimated that the cost per 
MRI-only detected BC in the high-risk setting 
was substantially lower than that of a screen-
detected cancer in the general female population 
undergoing screening mammography.

The general trends were already clear:

 1. High BC prevalence due to the eligibility 
criteria

 2. An overall very large gap in sensitivity 
between MRI and conventional imaging, i.e., 
not only mammography but also US

 3. Lower sensitivity of mammography also in 
postmenopausal high-risk women

 4. Absence of data suggesting high frequency of 
false positives, low specificity, and low PPV

In 2004, Mieke Kriege and coworkers [8] 
reported the results of the Magnetic Resonance 
Imaging Screening (MRISC) study carried out in 
six centers in the Netherlands comparing clinical 
breast examination (CBE), performed every 
6 months, MRI and mammography (both of them 
performed yearly) in women with a cumulative 
LTR for BC ≥15%. They screened 1,909 women, 
including 358 carriers of germ-line mutations. A 
total of 51 malignant lesions (44 invasive cancers, 
6 DCIS, 1 lymphoma) and 1 lobular carcinoma in 
situ were diagnosed in a total of 5,249 woman-
years at risk. The sensitivity for detecting invasive 
BCs was 18% for CBE, 33% for mammography, 
and 80% for MRI; specificity was 98%, 95%, and 
90%, respectively. The reported sensitivity values 
for al BCs (invasive or DCIS) were 18% for CBE, 

40% for mammography, and 71% for MRI. The 
overall diagnostic power of MRI (area under the 
curve [AUC] at receiver operator characteristics 
[ROC] analysis 0.83) was significantly higher 
than that of mammography (AUC 0.69).

The authors also compared their results with 
those obtained in two control groups external to 
the study, matched for age with the patients in the 
study group. The first control group was derived 
from all women diagnosed with BC in 1998  in 
the Netherlands (data from the National Cancer 
Registry). The second control group consisted of 
patients diagnosed with primary BC in Leiden or 
Rotterdam from 1996 to 2002, participating in a 
prospective study of the prevalence of gene muta-
tions. The second control group included all the 
unscreened patients with 25–60 years of age and 
cumulative LTR for BC higher than 15% on the 
basis of the family history. The proportion of 
invasive tumors ≤10 mm in diameter was signifi-
cantly greater in the study group (43%) than in 
either control group (14% and 13%, respectively). 
In the study, 21% invasive cancers had positive 
axillary nodes or micrometastases, while this rate 
was significantly higher in the two control groups 
(52% and 56%, respectively). The straightforward 
conclusion was: MRI appears to be more sensi-
tive than mammography in detecting tumors in 
women with an inherited susceptibility to BC [8].

In 2004, Ellen Warner and coworkers [9] com-
pared the sensitivity and specificity of CBE, 
mammography, US, and MRI for screening in 
high-risk women. A total of 236 Canadian women 
aged 25 to 65  years being BRCA1 or BRCA2 
mutation carriers underwent 1–3 annual screen-
ing events (for a total of 457 screening events) at 
the Sunnybrook and Women’s College Health 
Sciences Centre and University of Toronto. CBE 
was performed on the day of imaging examina-
tions and at 6-month intervals. Twenty-two can-
cers were detected (16 invasive and 6 DCIS). The 
sensitivity and specificity (based on biopsy rates) 
were 77% and 95.4% for MRI, 36% and 99.8% 
for mammography, 33% and 96% for US, and 
9.1% and 99.3% for CBE, respectively. All 
screening modalities combined had a sensitivity 
of 95% (1 interval cancer) to be compared with 
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45% for mammography and CBE combined. The 
authors concluded that in BRCA mutation carri-
ers, MRI is more sensitive for detecting breast 
cancers than mammography, US, or CBE alone, 
and noted that the possibility of MRI to reduce 
BC mortality in high-risk women required fur-
ther investigation.

The year after, in 2005, Martin O. Leach and 
coworkers [10] published the results of a pro-
spective cohort study (Magnetic Resonance 
Imaging Breast Screening, MARIBS) performed 
in 22 centers in the United Kingdom. A total of 
649 women aged 35–49 years with a strong fam-
ily history of BC or a high probability of a 
BRCA1, BRCA2, or TP53 mutation underwent 
annual screening with CE MRI and mammogra-
phy for 2–7  years. Thirty-five BCs were diag-
nosed during 1,881 screening events, 19 by 
CE-MRI only, 6 by mammography only, and 8 by 
both, with two interval cancers. The sensitivity of 
MRI (77%) was significantly higher than that of 
mammography (40%), reaching 94% when com-
bining both of them. The specificity of mammog-
raphy (93%) was significantly higher than that of 
MRI (81%), and 77% when combining both 
modalities. The authors noted that the difference 
in sensitivity between MRI and mammography 
was very high in BRCA1 mutation carriers 
(92% versus 23%, respectively, on a total of 13 
cancers). Again, the authors concluded that in 
this population, MRI was more sensitive than 
mammography for cancer detection and that 
specificity for both procedures was acceptable, 
also noting that, despite a high proportion of 
grade 3 cancers, tumors were small, with few 
cases of nodal involvement. They suggested the 
combined use of MRI and mammography for 
screening this high-risk group.

In the same year (2005), Constance D. Lehman 
and coworkers of the International Breast MRI 
Consortium Working Group [11] compared the 
performance of mammography versus MRI for 
screening genetically high-risk women through a 
prospective study carried out in 13 centers in the 
United States and Canada. They were eligible 
from the age of 25 years, even if they had a per-
sonal BC history (contralateral screening when 

they had been diagnosed within 5 years; bilateral 
screening if they had been diagnosed more than 
5 years previously). A total of 367 women com-
pleted (only once) all examinations in 13 centers, 
under the coordination of the University of 
Washington, Seattle Cancer Care Alliance, 
Seattle, United States. Imaging evaluations rec-
ommended 38 biopsies, 27 of them being per-
formed, resulting in 4 cancers diagnosed; MRI 
detected all cancers, mammography only one. 
The biopsy recommendation rate was 8.5% for 
MRI and 2.2% for mammography. The conclu-
sion, based on a lower BC incidence if compared 
to the other studies, was that screening MRI in 
high-risk women was capable of detecting mam-
mographically and clinically occult BC with a 
tradeoff in terms of false positives causing a 5% 
rate of benign biopsy.

Finally, still in 2005, Christiane K. Kuhl and 
coworkers [12] reported on the final results of the 
single-center study whose preliminary results we 
mentioned earlier [6]. They compared mammog-
raphy, US, and MRI for screening women with a 
lifetime risk ≥20%. The surveillance cohort 
study, carried out at the University of Bonn, 
enrolled 529 asymptomatic women suspected or 
proven to be BRCA mutation carriers. A total of 
1,542 annual rounds were completed. A total of 
43 BCs cancers were identified during the study 
(34 invasive, 9 DCIS). The sensitivity of mam-
mography (33%) and ultrasound (40%) or the 
combination of both (49%) was significantly 
lower than that of MRI (91%). The overall node- 
positive rate was 16%. The specificity of MRI 
(97.2%) was equivalent to that of mammography 
(96.8%). The authors concluded that mammogra-
phy, even when combined with US, was insuffi-
cient for early BC diagnosis in women at 
increased familial risk and that screening MRI 
allowed for BC diagnosis in this population with 
a significantly higher sensitivity and at a more 
favorable stage.

Thus, by 2005, 7 prospective studies on a total 
of 3,794 women undergoing multimodality 
screening and 172 cancers diagnosed in a total of 
9,614 annual screening events showed that MRI 
emerged as a breast imaging modality with a sen-
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sitivity ranging from 77% to 100%, always by far 
superior to that of mammography or US (not over 
50% even when combined), with a variable but 
substantially acceptable specificity, as also 
judged by the group from the United Kingdom 
[10], where a long tradition of BC screening with 
mammography should be considered a reliable 
testing bench for evaluating a new screening 
modality.

9.4  The American Cancer Society 
2007 Guidelines

What we have described was the basis of evi-
dence available to the panel of experts of the ACS 
Breast Cancer Advisory Group who, in 2007, 
published the new guidelines for breast screening 
with MRI as an adjunct to mammography [40]. 
Their conclusions were as follows:

Screening MRI is recommended for women with 
an approximately 20–25% or greater lifetime risk 
of breast cancer, including women with a strong 
family history of breast or ovarian cancer and 
women who were treated for Hodgkin disease. 
There are several risk subgroups for which the 
available data are insufficient to recommend for or 
against screening, including women with a per-
sonal history of breast cancer, carcinoma in situ, 
atypical hyperplasia, and extremely dense breasts 
on mammography. Diagnostic uses of MRI were 
not considered to be within the scope of this 
review. [40]

The panel recommended MRI screening (as 
an adjunct to mammography) on the basis of evi-
dence from nonrandomized screening trials and 
observational studies (those we have described 
above) in:

• BRCA mutation carriers
• First-degree relative of BRCA mutation carri-

ers, but untested
• All women with a modeled cumulative LTR of 

~20% to 25% or greater

Conversely, the panel also recommended MRI 
screening (as an adjunct to mammography) on 
the basis of expert consensus opinion taking into 
consideration only the evidence for LTR for BC 
in the case of:

• Radiation to chest between age 10 and 
30 years

• Li-Fraumeni syndrome (TP53 mutation carri-
ers) and first-degree relatives

• Cowden and Bannayan-Riley-Ruvalcaba syn-
dromes and first-degree relatives

As we will see, the evidence subsequently 
accumulated reinforced the indication of MRI 
screening for women at hereditary high risk (see 
the following paragraphs of this Chapter and also 
Chaps. 10 and 11) and offered a new basis of evi-
dence for the indication to MRI screening for 
women with previous chest radiation therapy (see 
Chap. 14). As outlined in Chap. 16, the thresh-
olds for LTR to recommend MRI was already a 
matter for discussion, as demonstrated by the 
choice of the ACS Breast Cancer Advisory Group 
that defined a threshold as a range of 20–25% of 
LTR, which implies to offer (when the cutoff is 
20%) or not to offer screening MRI (when the 
cutoff is 25%) to thousands and thousands of 
women in Europe or North America. Recent 
reviews highlighted the role of MRI surveillance 
for TP53 mutation carriers [41] and more gener-
ally in the era of next-generation sequencing and 
moderate-risk genetic mutations, anyway defined 
as associated with a LTR of 20% or higher, such 
as ATM, CHEK2, and PALB2 [42].4

The new paradigm launched by the ACS was 
MRI as an adjunct to mammography. The subse-
quent body of evidence will work for reverting 
this scheme opening the discussion about whether 
and when mammography should be used as an 
adjunct to MRI.

9.5  High-Risk Screening 
with MRI: More Evidence 
from Prospective Studies 
(2007–2017)

A number of studies followed and the body of evi-
dence have grown up in the 10 years after the ACS 
2007 guidelines publication. The general trend for 
a huge difference in diagnostic power, especially in 
sensitivity, between MRI and conventional imag-

4 See also Chap. 3 on this matter.
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ing modalities was largely confirmed. The list of all 
the studies published in the period from 2000 to 
2015, with their main results, is reported in 
Table 9.1, grouping together the results of subse-
quent phases of individual projects [6–12, 43–50].

In 2007, Anne I.  Hagen and coworkers [43] 
described their results obtained offering breast 
MRI screening besides conventional imaging 
(mammography ± US) to 445 BRCA1 and 46 
BRCA2 mutation carriers at five centers in 
Norway (total of 867 screening events). They 
observed a total of 25 BCs (including 21 invasive 
and 4 DCIS), 5 of them (20%) as interval cancers. 
At the time of diagnosis, sensitivity was 19/22 
(86%) for MRI and 12/24 (50%) for mammogra-
phy. Among 21 cancers that were examined by 
both methods (in 19/21 BRCA mutation carriers), 
the sensitivity of mammography was 10/21 
(48%) and that of MRI was 18/21 (86%). 
Furthermore, the authors noted that MRI had a 
higher sensitivity than mammography to diag-
nose all BCs staged less than pT2, which was a 
major conclusion of their study.

In the same year (2007), Christopher C. Riedl 
and coworkers [44] reported preliminary results 
obtained at the Medical University of Vienna by 
multimodality BC screening in 327 high-risk 
women (BRCA mutation carriers and women 
with a familial LTR higher than 20%) who under-
went 672 complete annual rounds. Of a total of 
28 BCs diagnosed, sensitivities were 50% for 
mammography, 43% for US, and 86% for MRI 
(the sensitivity of MRI was higher than that of 
conventional imaging also for the DCIS sub-
group), specificities 98%, 98%, and 92%, respec-
tively. Of 101 false-positive findings, 35 (35%) 
were atypical ductal hyperplasias, 9 (26%) 
detected by mammography, 2 (6%) by US, and 
32 (91%) by MRI.  They concluded that MRI 
improves the detection of invasive and pre- 
invasive BCs as well as premalignant lesions in a 
high-risk population.

The results of this study were updated in 2015 
[45] for 559 women (including 156 
BRCA1/BRCA2 mutation cariers) with 1,365 
complete rounds. The sensitivity of MRI (90%) 
was significantly higher than that of mammogra-
phy (38%) and ultrasound (38%). Of 40 cancers, 
18 (45.0%) were detected by MRI alone, 2 can-

cers were found by mammography alone (a DCIS 
with microinvasion and a DCIS with less than 
10-mm invasive areas), without a significant 
increase in sensitivity compared to MRI alone. 
No BCs were detected by US alone. Of 14 DCIS, 
all were detected by MRI, whereas mammogra-
phy and US each detected 5 DCIS (36%). The 
authors also noted that age, mutation status, and 
breast density did not influence MRI sensitivity, 
confirming the MRI superiority over mammogra-
phy and US under these different conditions. 
They concluded that MRI allows early detection 
of familial breast cancer regardless of patient age, 
breast density, or risk status. In addition, they 
noted that in this setting US provides no addi-
tional value, mammography only a limited one.

Still in 2007, we published the mid-term 
results of the HIBCRIT Italian study [46] for 278 
BRCA1 or BRCA2 mutation carriers, first-degree 
relatives of BRCA1 or BRCA2 mutation carriers, 
or women enrolled because of a strong family 
history of breast or ovarian cancer for a total of 
377 rounds: the criteria for enrolling women on 
the only basis of family history were: three or 
more events in first- or second-degree relatives in 
either maternal or paternal line; these included 
breast cancer in women younger than 60 years, 
ovarian cancer at any age, and male breast cancer 
at any age. Of 18 BCs diagnosed, 6 (33%) were 
detected only with MRI. Sensitivity was 50% for 
CBE, 59% for mammography, 65% for US, 94% 
for MRI; PPV3 (i.e., based on performed biopsy) 
was 82%, 77%, 65%, and 63%, respectively.

We updated these data as final results in 2011 
[47] for 501 high-risk women enrolled in 18 cen-
ters in Italy. Considering a total of 1,592 rounds 
(3.2 rounds/woman), 49 screen-detected and 3 
interval BCs were diagnosed: 8 DCIS and 44 
invasive; 4 pT2 stage and 32 G3 grade. Twenty- 
eight of 39 patients explored for nodal status 
(72%) were negative. The incidence per year- 
woman resulted 3.3% overall, significantly lower 
(2.1%) under 50 years of age than over 50 (5.4%), 
significantly higher (4.3%) in women with previ-
ous personal BC than in those without (2.5%). 
MRI was significantly more sensitive (91%) than 
CBE (18%), mammography (50%), US (52%), or 
mammography plus US (63%). Specificity 
ranged from 97% to 99%, PPV from 56% to 
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71%, positive likelihood ratio from 25 to 50, 
without significant differences. MRI showed a 
significantly better negative predictive value 
(99.6%) and negative likelihood ratio (0.09) than 
those of the other modalities. At ROC analysis, 
the AUC of MRI (0.97) was significantly higher 
than that of mammography (0.83) or US (0.82) 
and not significantly increased when MRI was 
combined with mammography and/or US (exam-
ples in Fig. 9.1; Table 9.2). Of 52 BCs, 16 (31%) 
were diagnosed only by MRI, 8 of 21 (38%) in 
women <50, and 8 of 31 (26%) in women 
≥50  years of age. A subanalysis distinguishing 
screen-film from digital mammography did not 
find any increase in sensitivity. We concluded 
that MRI largely outperformed mammography, 
US, and their combination for screening high-
risk women below and over 50.

In 2010, Christiane K.  Kuhl and coworkers 
[48] published the results of the EVA observa-
tional cohort study, conducted at four academic 

centers in Germany. They enrolled 687 asymp-
tomatic women with familial LTR ≥ 20% who 
underwent 1,679 annual rounds with CBE, 
mammography, US, and MRI; 371 women had 
additional half-yearly US and CBE during 869 
rounds. A total of 27 BCs were diagnosed: 11 
DCIS (41%) and 16 invasive BCs (59%); 3/27 
(11%) with positive nodal status. No interval 
cancers; no cancers detected with half-yearly 
US. The BC yield of US (6.0/1,000) and mam-
mography (5.4/1,000) was equivalent, not sig-
nificantly increased when mammography and 
US were combined (7.7/1,000). BC yield by 
MRI alone (14.9/1,000) was significantly higher 
than that of mammography, US, or their combi-
nation and was not significantly improved by 
adding mammography or US; PPV was 39% for 
mammography, 36% for US, and 48% for 
MRI. The authors concluded that in women at 
elevated familial risk, MRI screening shifts the 
distribution of screen-detected BCs toward the 

a b c

d

Fig. 9.1 A case from the HIBCRIT study. A 53-year-old 
BRCA1 mutation carrier, already treated for an invasive 
ductal cancer of the left breast at 33 years of age, under-
went multimodal screening including clinical breast 
examination (CBE), mammography, US, and MRI.  The 
left breast only showed minimal signs of the previous 
treatment at each screening modality (not shown). 
Mammography of the right breast showed a negative 

dense breast (a and b). Also CBE and US (not shown) 
were negative; at MRI the unenhanced T2-weighted axial 
short-tau inversion recovery sequence (c) showed a small 
hyperintense mass, confirmed at the subtracted (contrast- 
enhanced minus unenhanced T1-weighted gradient echo) 
coronal image (d). Final diagnosis: node-negative inva-
sive ductal carcinoma (6  mm in diameter). From Podo 
et al. (2016) Clin Cancer Res 22:895–904

F. Sardanelli and F. Podo
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pre- invasive stage, while neither mammogra-
phy, nor annual or half-yearly ultrasound or 
CBE significantly increase BC detection over 
MRI alone.

In the same year (2010), Adriana J. Rijnsburger 
and coworkers [49] updated the results of the 
Dutch MRISC study, which had enrolled women 
with LTR for BC ≥ 15%, screened with biannual 
CBE and annual mammography and MRI 
[8].  Considering 2,157 eligible women, 599 of 
them being mutation carriers, 97 primary BCs 
were diagnosed. The MRI overall sensitivity was 
significantly higher than that of mammography 
for invasive cancer (77% versus 36%), but not for 
DCIS.  Mammography sensitivity was only 
25.0% in the BRCA1 group, 62% in the BRCA2 
group, 46% in the high-risk group (with a 
30–50% LTR), and 47% in the moderate-risk 
groups (with a 15–30% LTR). Results in the 
BRCA1 group were also worse compared with 
the BRCA2 group, high- and moderate-risk group 
regarding tumor size ≤1 cm at diagnosis (21%, 
62%, 41%, and 64%, respectively); proportion of 
DCIS (7%, 19%, 15%, and 31.3%); and interval 
cancers (32%, 6%, 4%, and 6%). The authors 
also reported on cumulative distant metastasis- 
free and overall survival at 6 years for invasive 
BCs, which were 84% and 93%, respectively, in 
42 BRCA mutation carriers with invasive BC and 
100% in 43 women of familial groups. They con-
cluded that screening results were somewhat 
worse in BRCA1 mutation carriers, but the 6-year 
survival was high in all groups.

Still in 2010, Isabelle Trop and coworkers 
[50] reported results obtained at the Université 
de Montréal, Canada. They enrolled 184 asymp-
tomatic women being BRCA1/2 mutation carri-

ers or with >30% probability of being BRCA1/2 
mutation carriers as estimated by 
BRCAPRO.  During 387 rounds, 12 BCs were 
detected (9 invasive, 3 DCIS), for an overall 
yield of 6.5%; 7/9 invasive cancers were smaller 
than 2  cm in diameter; only 1 case of positive 
nodal status was observed; all BCs were negative 
to the human epidermal growth factor receptor 2 
(HER2). Sensitivity was 10/12 for MRI (83%), 
7/12 (58%) for mammography; US did not detect 
any additional cancers. The recall rate was 22% 
for MRI, 16% for mammography, and 11% for 
US.  Importantly, the authors noted that recall 
rates declined with successive screening rounds. 
In total, 45 biopsies were performed: 21 due to 
US, 17 due to MRI, and 7 due to mammography. 
The authors concluded that MRI offers to high-
risk women the best sensitivity for BC screening 
and that the combination of yearly MRI and 
mammography reached a negative predictive 
value of 100%.

In 2012, Wendy D. Berg and coworkers [51] 
reported on the results of a subproject of ACRIN 
6666 multicenter study to determine supplemen-
tal cancer detection yield of US and MRI in 
women at elevated BC risk. Women were eligi-
ble if being asymptomatic, having heteroge-
neously dense or extremely dense breast tissue, 
and also having at least one of other risk factors. 
A total of 2,809 women at 21 sites had annual 
independent screens with mammography and 
US in randomized order; after three rounds of 
both screenings, 612 women underwent MRI 
and had complete data. A total of 2,662 women 
underwent 7,473 mammogram and US screen-
ings, 110 of whom had 111 BCs diagnosed: 33 
detected by mammography only, 32 by US only, 

Table 9.2 Diagnostic performance of the different modalities in the HIBCRIT-1 study

Modality Sensitivity % Specificity % PPV % NPV % LR+ LR−

Clinical breast examination 17.6 99.3 56.3 96.1 26.4 0.83
Mammography 50.0 99.0 71.4 97.6 52.3 0.50
Ultrasound 52.0 98.4 61.9 97.7 33.0 0.49
MRI 91.3 96.7 56.0 99.6 27.6 0.09
Mammography + ultrasound 62.5 97.6 55.6 98.2 26.0 0.38
MRI + mammography 93.2 96.3 53.2 99.7 25.4 0.07
MRI + ultrasound 93.3 96.0 52.5 99.7 23.6 0.07

PPV positive predictive value, NPV negative predictive value, LR+ positive likelihood ratio, LR− negative likelihood 
ratio, MRI contrast-enhanced magnetic resonance imaging. From Sardanelli F et al. [47]
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26 by both, and 9 by MRI after mammogra-
phy + US; 11 were not detected by any imaging 
modality. Supplemental US identified additional 
BCs in 3.7/1,000 screens. Sensitivity for mam-
mography + US was 76%, specificity 84%, and 
PPV3 (i.e., based on performed biopsy) 16%. 
For mammography alone, sensitivity was 52%, 
specificity 91%, and PPV3 38%. Of the MRI 
participants, 16 women (2.6%) had a BC diag-
nosed. The supplemental yield of MRI was 
14.7/1,000. Sensitivity for MRI and mammogra-
phy plus US was 100%, specificity was 65%, 
and PPV3 19%. For mammography and US, sen-
sitivity was 44%, specificity 84%, and PPV3 
18%. The number of screens needed to detect 
one cancer was 127 for mammography, 234 for 
supplemental US, and 68 for MRI after negative 
mammography and US. The authors concluded 
that the addition of screening US or MRI to 
mammography in women at increased risk of 
breast cancer resulted in a higher cancer detec-
tion yield, but also an increase in false- positive 
findings. The study has a particular interest: it 
shows the additional diagnostic power of each 
breast imaging technique when applied sequen-
tially, with MRI associated with the lowest num-
ber of screens needed for detecting one cancer 
(68) as third examination versus mammography 
(127) at the beginning of the sequence, and US 
(234) in between. However, the study design 
does not allow an intra-individual comparative 
analysis. Data are not comparable with those of 
the other prospective studies. For this reason, we 
did not include this study in Table 9.1.

Finally, in 2014, Anna M.  Chiarelli and 
coworkers [52] reported on the results obtained 
by the Ontario Breast Screening Program which 
in July 2011 started to screen women at high BC 
risk from 30 to 69 years of age with annual MRI 
and digital mammography in 28 centers. 
Eligibility was based on the following criteria: 
known BRCA1 or BRCA2 mutation or other gene 
mutations associated with high BC risk; untested 
first-degree relative of a mutation carrier; family 
history consistent with hereditary BC syndrome 
and estimated personal LTR  ≥  25%; or chest 
radiation therapy (before age 30 and ≥8  years 

previously). These results have a particular rele-
vance, for being the first screening program for 
high-risk women organized on a regional base. 
Thirty-five BCs were diagnosed (16.3/1,000), 
none of them by mammography alone, 23 (66%) 
by MRI alone (10.7/1,000); 25/35 BCs (71%) 
were detected among mutation carriers 
(30.8/1,000). The recall rate was significantly 
higher in the cases of positive MRI alone (15.1%) 
than with mammography alone (6.4%); PPV was 
highest for detection based on both mammogra-
phy and MRI (12.4%). The authors concluded 
that screening with annual MRI and mammogra-
phy has the potential to be implemented into an 
organized breast screening program for women 
at high risk for breast cancer.

To summarize, in 10  years after the ACS 
guidelines, different prospective studies per-
formed in Europe and in North America increased 
the body of knowledge on BC screening in high- 
risk women (see Table 9.1), showing that:

 1. The higher sensitivity of MRI versus mam-
mography (combined with acceptable MRI 
specificity and PPV values) was confirmed on 
a larger basis.

 2. The transition from screen-film to digital tech-
nique did not provide an increase in BC detec-
tion by mammography.

 3. When performed, the additional value of US 
appeared very low, if any, also with a 6-month 
interval.

 4. The additional value of mammography also 
appeared open for debate, due to the low num-
ber of cases diagnosed by mammography 
only, mostly of them being DCIS.

 5. A higher diagnostic power of MRI was also 
reported in postmenopausal women.

 6. The value of MRI screening was also shown 
in high-risk women already treated for BC.

Points 1, 2, and 3 above were reinforced by 
the ROC analysis curves from the HIBCRIT-1 
study [47, 53] (Fig. 9.2); also the EVA trial [48] 
gave similar results.

Lastly, we wish to mention the multicenter 
study by Tomasz Huzarski and coworkers [54] 
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from the Polish Hereditary Breast Cancer Study 
Group, investigating the role of MRI for screen-
ing women at average or intermediate risk, hence 
being outside our focus on high risk. However, 
their results can be useful to a general reasoning. 
They enrolled 2,995 women aged 40–65, without 
previous BC history: 356 (12%) with a CHEK2 
mutation, 370 (12%) with a first-degree relative 
with BC but without CHEK2 mutation, and 2,269 
(76%) without any risk factor. These women 
underwent two rounds of MRI, US, and mam-
mography, 1  year apart and were followed for 
3 years. During the 4-year time frame, 27 inva-
sive cancers, 6 DCIS, and 1 angiosarcoma were 
diagnosed. Of the 27 cancers, 20 were screen- 
detected, 2 interval, and five during follow-up. 

For invasive cancers, sensitivity was 86% for 
MRI, 59% for US, and 50% for mammography; 
of the 19 invasive cancers detected by MRI, 17 
(89%) were also detected by US or mammogra-
phy. MRI prompted 156 biopsies, US 57, mam-
mography 35. The authors concluded that MRI 
sensitivity was only slightly better than that of 
mammography/US and that, also considering 
costs, MRI screening is probably not warranted 
outside of high-risk populations. In Chaps. 21 
and 22, the reader can find an extensive explana-
tion of the limited evidence for using MRI in 
intermediate-risk population. Anyway, this study 
shows how the application of MRI screening to a 
mixed population composed of average-risk 
women for over three quarters does not seem to 
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Fig. 9.2 ROC analysis of diagnostic performance of 
annual mammography (XM), US, MRI, and their combi-
nations for screening high-risk women in the HIBCRIT-1 
study. The MRI AUC was significantly higher than that of 

mammography, US, or their combination, without a sig-
nificant increase in diagnostic power when mammogra-
phy and/or US were combined with MRI. With permission, 
from Sardanelli F, Podo F [53]
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provide relevant results in terms of additional 
cancer yield.

Of note, after 2007, studies also offered a 
basis of evidence in favor of MRI screening in 
women who underwent chest radiation therapy, 
even though with lower sensitivity than for 
women with hereditary BC predisposition. 
Mammography as adjunct to MRI has been sug-
gested for women of this BC risk category, in 
consideration of the relatively higher probability 
of DCIS with microcalcifications and low angio-
genesis [55]. This topic is extensively treated in 
Chap. 14.

9.6  Other Guidelines and the Ten 
Key Points from EUSOMA 
Recommendations

After 2007, many other national and interna-
tional bodies issued guidelines and recommen-
dations for MRI screening of women at high BC 
risk, among them, the American College of 
Radiology [56], the European Society of Breast 
Imaging [57, 58], or the multidisciplinary 
European Society of Breast Cancer Specialists 
(EUSOMA) [59], but also governmental bodies 
such as the National Comprehensive Cancer 
Network [60] in the United States and the 
National Institute for Health and Care Excellence 
[61] in the United Kingdom. Differences exist 
among guidelines, especially for the threshold of 
LTR to define the indication to MRI, lower (20–
25%) in guidelines from the United States 
(where the ACR recently recommended screen-
ing MRI also in lower risk categories [62]), 
higher (30% or more) in some European guide-
lines. However, in all guidelines MRI is pro-
posed for screening high-risk women. In Chap. 
16, the reader can find an extensive review of 
these and other guidelines.

In this paragraph, we only wish to reserve a 
special mention to the EUSOMA recommenda-
tions published in 2010 [59] for their characteris-
tic of having been provided by a multisciplinary 
panel, with a list of ten key points for breast MRI 
screening in high-risk women that we still con-
sider useful today (Table 9.3).

9.7  Rethinking of the Relative 
Role of Mammography 
versus MRI for Screening 
High-Risk Women

During the last two decades, also retrospective 
studies on breast MRI screening of high-risk 
women were published. We did not mention them 
earlier because of the lower value that a retrospec-
tive study design implies in this context. However, 
some of them, recently published, deserve in our 
opinion a particular consideration.

In particular, three retrospective studies pro-
vided further contribution to rethinking the role 
of mammography for screening high-risk women.

In 2014, Inge-Marie Obdeijn and coworkers 
[63] reported specifically on 93 cases of BC in 
BRCA1 mutation carriers who underwent screen-
ing with MRI and digital mammography at the 
Erasmus Medical Center in Rotterdam, the 
Antoni van Leeuwenhoek Hospital in Amsterdam, 
and at the University Medical Center in Nijmegen: 
82 invasive cancers and 12 DCIS. Screening sen-
sitivity was 90/94 (96%) overall, significantly 
higher for MRI (88/94, 94%) than for mammog-
raphy (48/94, 51%). While 42/94 malignancies 
(45%) were detected only by MRI, only 2 DCIS 
(2/94, 2%) were detected only with mammogra-
phy (one G3 DCIS in a 50-year-old patient and 
one G2 in a 67-year-old patient). All the 4 inter-
val cancers (4/94, 4%) were G3 triple-negative 
invasive ductal carcinomas. The authors con-
cluded that digital mammography added only 2% 
to the breast cancer detection in BRCA1 patients, 
without any benefit of additional mammography 
under 40 years of age. They proposed that, given 
the potential risk of radiation-induced breast can-
cer in young mutation carriers, BRCA1 mutation 
carriers could be screened yearly with MRI from 
age 25 onward and with mammography not ear-
lier than age 40.

In 2017, Lo and coworkers [64] reviewed the 
prospective database of 3,934 screening studies 
(1,977 MRI and 1,957 mammography examina-
tions) performed on 1,249 high-risk women at 
three academic hospitals in Canada. A total of 45 
cancers (33 invasive and 12 DCIS) were diagnosed, 
43 of them seen with MRI and 14 with both mam-
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mography and MRI. Additional tests (further imag-
ing and/or biopsy) were recommended in 461 
screening MRI (recall rate, 23%) while mammog-
raphy recalled 217 (recall rate, 11%). The detection 
rate was significantly higher for MRI (21.8/1,000) 
than for mammography (7.2/1,000). The sensitivity 
of MRI (96%) was significantly higher than that of 
mammography (31%); the specificity of MRI 
(78%) was significantly lower than that of mam-
mography (89%); the PPV1 (i.e., for recalls) of 
MRI (9.3%) was higher, but not significantly, than 
that of mammography (6.5%). The authors con-
cluded that mammography did not have an added 
value for BC detection in high-risk women under-
going MRI screening. As a consequence, they said 
that routine mammography in women undergoing 
screening MRI imaging warrants reconsideration.

Lastly, Suzan Vreeman and coworkers [65] 
from Radboud University Medical Center, 
Nijmegen, investigated the added value of mam-
mography in different age-groups of women with 
and without BRCA mutation screened with breast 

MRI, based on 6,553 rounds in 2,026 women at 
increased BC risk of breast cancer (1 January 
2003–1 January 2014). Of a total of 125 screen-
detected cancers, 112 were detected by MRI and 
66 by mammography: 13 cancers were detected 
only by mammography, 8 of them being 
DCIS.  Cancer detected only by mammography 
were 3/61 (5%) in BRCA mutation carriers, and 
10/64 (16%) in non-BRCA mutation carriers. 
While 77% of mammography-only cancers were 
detected in women ≥50 years of age, mammog-
raphy also added more to the false-positive recalls 
in these women. Below 50 years of age, the num-
ber of mammographic examinations needed to 
find an MRI-occult cancer was 1,427. The authors 
concluded that the benefit of mammography 
appears slightly larger in women over 50 years of 
age without BRCA mutation, associated with a 
substantial increase in false-positive recalls.

Conversely, two recent retrospective reports 
focused on missed BCs in high-risk screening, in 
particular on MRI false negative cases.

Table 9.3 Ten key points on screening women with an increased BC risk from EUSOMA recommendations

 1.  Women with a family history suspicious for inherited BC predisposition should have their risk assessed by an 
appropriately trained professional group (genetic counseling); LTR thresholds for including women in 
surveillance programs with annual MRI may be selected on the basis of regional or national considerations

 2.  High-risk screening including MRI should be conducted only at a nationally/regionally approved and audited 
service or as part of an ethically approved research study. Periodical audit should be undertaken to ensure that 
high sensitivity is achieved and recall rate (MRI more frequently than annual) is less than 10%, and to monitor 
detection rate, needle biopsy rate and interval cancers

 3.  Annual MRI screening should be available starting from the age of 30. Starting screening before 30 may be 
possible for BRCA1/2 mutation carriers (from 25 to 29) and TP53 (from 20)

 4.  Annual MRI screening should be offered to: BRCA1, BRCA2, and TP53 mutation carriers; women at 50% risk 
for BRCA1, BRCA2, or TP53 mutation in their family (first-degree relatives of mutation carriers); women from 
families not tested or inconclusively tested for BRCA mutation with a 20–30% LTR or greater

 5. MRI-including screening should be offered also to high-risk women previously treated for BC.
 6.  Screening mammography should not be performed in high-risk women below 35. In TP53 mutation carriers of 

any age annual mammography can be avoided based on discussion on risks and benefits from radiation exposure
 7. Annual mammography may be considered for high-risk women from age 35
 8.  If annual MRI is performed, screening whole breast using US and clinical breast examination are not necessary. 

They are recommended in women under 35 who do not tolerate or have contraindication to MRI or to Gd-based 
contrast material administration

 9.  Cases requiring workup after MRI should be initially assessed with conventional imaging (re-evaluation of 
mammograms, targeted US). In case of only MRI- detected suspicious findings, MR-guided biopsy/localization 
should be performed

10.  Risk factors such as heterogeneously or extremely dense breasts, previous diagnosis of breast invasive cancer or 
ductal carcinoma in situ, atypical ductal hyperplasia, lobular intraepithelial neoplasia, when not associated with 
other risk factors, do not confer an increased risk that justifies screening MRI

BC breast cancer, LTR lifetime risk, MRI contrast- enhanced magnetic resonance imaging, US ultrasound. From 
Sardanelli et al. [59], modified. Notably, the EUSOMA recommendations include also women who underwent chest 
radiation therapy, discussed in Chap. 14
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Antony J Maxwell and coworkers [66] from 
Nightingale Centre, University Hospital of South 
Manchester, Manchester, reported on 32 high- risk 
women who had undergone screening MRI and 
had been diagnosed with breast cancer within 
2 years after a negative MRI. For 23 cases, MRI 
images were available for review. Fourteen were 
diagnosed at MRI, 4 at interim mammography, 
two symptomatically, one incidentally on US, and 
two at risk-reducing mastectomy. Ten of the 23 
women (43%) had a potentially avoidable delayed 
diagnosis. The preceding MRIs were classified as 
false-negative screens in five women (one preva-
lent, four incident), false-negative assessment in 
seven, and minimal signs in three (three women 
were assigned dual classifications). Reasons for 
the diagnostic delay mostly were small over-
looked enhancing masses, areas of non-mass 
enhancement showing little, if any, change 
between screens, false reassurance from normal 
conventional imaging at assessment, and overreli-
ance on repeat MRI at short-interval. The authors 
concluded recommending double reading of both 
screening and assessment examinations, ready 
access to MRI biopsy, and limited use of short-
interval repeat MRI only for areas likely to be 
benign glandular enhancement. They also recom-
mend annual mammography in these women.

Suzan Vreemann and coworkers by the 
Nijmegen group [67] investigated the same issue 
for a larger case series of 131 missed BCs for 
which negative prior MRI was available. Overall, 
visible findings on prior negative MRI were 
observed in 31% of cases, minimal signs in 34%, 
no signs in 35%. These visible findings were sig-
nificantly less frequent in BRCA mutation carri-
ers (19%) than in non-carriers (46%). Less than 
perfect image quality significantly increased the 
probability of visible findings and minimal signs 
in the negative prior MRI. The author concluded 
that almost one-third of cancers detected in a 
high- risk screening program are already visible 
at the last negative MRI scan, and even more so 
in women without BRCA mutations, so that regu-
lar auditing and double reading for breast MRI 
are warranted.

Finally, the same group from Nijmegen [68] 
reported on real-life performance of a large 

screening program for women with different cat-
egories of increased risk in their academic hospi-
tal. They analyzed 8,818 MRI and 6,245 
mammography examinations performed in 2,463 
women. On a total of 170 cancers, 129 were 
screen-detected cancers, 16 interval, and 25 
found at prophylactic mastectomy. Overall sensi-
tivity was 76% including cancers from prophy-
lactic mastectomy and 90% excluding them. 
Sensitivity was lowest for carriers of the BRCA1 
mutation (66 and 81%, respectively). Specificity 
was higher at follow-up (96%) than in first rounds 
(85%) and was high for both MRI (97%) and 
mammography (99%); PPV of recall and of 
biopsy were lowest in women with only family 
BC history. The authors’ conclusions were that 
screening performance was dependent on risk 
category, with lowest sensitivity in BRCA1 muta-
tion carriers, and that specificity improved at 
follow-up rounds.

9.8  Conclusions and Open Issues

As the readers can understand, a general agree-
ment for recommending breast MRI annual 
screening in women at high risk does exist on the 
basis of a large body of evidence provided by a 
dozen of prospective studies including 6,360 
women, about 18,900 rounds, and 357 BCs diag-
nosed. However, a number of issues deserve 
attention and, for them, we refer the reader to 
other Chapters in this book.

First, systematic reviews and meta-analyses 
have explored interesting aspects, especially 
allowing for subgroup analyses that the power of 
original studies would not have permitted. The 
reader can find these results in Chap. 11.

Second, the possibility of using MRI alone for 
screening at least certain categories at high-risk 
women should be considered, not only for the 
low contribution of mammography and US to the 
screening sensitivity, but also for their increase in 
false-positive recalls rate, a topic extensively 
treated in Chap. 10. In addition, also radioprotec-
tion considerations may play in favor of avoiding 
mammography [69] (and other radiation expo-
sure of the chest, including computed tomogra-
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phy!), especially in BRCA mutation carriers, a 
topic extensively treated in Chap. 12.

Third, the top sensitivity of breast MRI in 
high-risk women should determine positive 
effects in terms of patient outcome, i.e., at least 
disease-specific and disease-free survival. The 
reader can find the illustration of the results 
already available in the absence of randomized 
controlled trials in Chap. 13.

At any rate, due to the very low, if any, contri-
bution of US and the low contribution of mam-
mography when compared to MRI for screening 
a high-risk population, we can propose the fol-
lowing simple recommendations [53]:

 1. MRI alone up to 35 years of age for all high- 
risk women

 2. MRI alone for BRCA1 and TP53 mutation 
carriers without age limitations

 3. Mammography as an adjunct to MRI for 
BRCA2 mutation carriers after 35 years of age 
and to women who had previous chest radia-
tion therapy

Thus, the paradigm “MRI as an adjunct to 
mammography” has been reverted into its con-
trary. When “mammography as an adjunct to 
MRI” is under consideration for high-risk 
women, a good conservative approach has been 
suggested, consisting of performing only one 
projection, the mediolateral oblique one [70].

About two decades after the start of the first 
prospective studies on breast MRI screening in 
high-risk women, the efforts of several research 
groups in Europe and North America have opened 
an efficient way of surveillance as an alternative 
to prophylactic mastectomy to be offered to these 
women. Much work still needs to be done but one 
important step forward has been done.
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MRI Magnetic resonance imaging
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US Ultrasonography, ultrasound

10.1  Introduction

Women who carry a BRCA1 or BRCA2 deleteri-
ous mutation have approximately a 3% risk of 
developing breast cancer before the age of 
30 years, a risk of almost 50% at 50, and up to 

80% at 70  years of age [1]. It is assumed that 
there are other hereditary conditions increasing 
the risk of breast cancer. Thus, women with a 
strong family history of breast and/or ovarian 
cancer, even if non-tested or tested negative for 
BRCA1 or BRCA2 deleterious mutations, should 
be regarded as having a substantial increase in 
breast cancer risk [2–5]. For high-risk women, in 
particular for BRCA1/2 mutation carriers, also 
options such as prophylactic bilateral mastec-
tomy and oophorectomy, allowing a reduction of 
breast cancer risk up to 90%, are available [6, 7].

Alternatively, these women can join screening 
programs, mostly preferred by these patients [8–
10]. International and national medical societies 
as well as governmental bodies have established 
guidelines for breast cancer screening in individ-
uals with a known or suspected genetic predispo-
sition. However, no consensus has been reached 
on several aspects and the regimen of the various 
screening programs differs widely throughout 
Europe and the United States [4, 11–20]. The 
reader can find a detailed analysis of guidelines 
in Chap. 16.

The combined use of mammography, ultraso-
nography (US), and magnetic resonance imaging 
(MRI) has the best diagnostic performance and 
yields the highest detection rates. Nevertheless, 
the triple-modality approach increases the num-
ber of false-positive findings and increases costs 
[21–24]. In several prospective high-risk screen-
ing studies, MRI has widely proven its high sen-
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sitivity, outperforming other breast imaging 
techniques, such as mammography and/or US 
[25, 26]. Therefore, experts currently recommend 
annual MRI screening from age 25 years onward, 
and additional mammography from age 30 years 
for women at high-risk [12, 27].

This chapter aims to provide a comprehensive 
overview of the current possibilities in screening 
women with a genetic/familial high risk. The role 
of the different breast imaging screening modali-
ties, together with clinical breast examination, 
will be reviewed, particularly, to determine 
whether MRI can be used as a single modality in 
women at genetic/familial high risk. In addition, 
we will discuss the impact of screening on sur-
vival rates of the genetic/familial high-risk 
women and we will provide insights into the 
cost-benefit aspects.

10.2  Mammography in High-Risk 
Women

Randomized controlled trials have shown that 
screening with mammography can reduce breast 
cancer mortality by 30–50% [28–30]. Although 
these findings have been repeatedly disputed [31, 
32], there is currently a consensus among clini-
cians that mammographic screening is effective, 
especially in women at an average risk for breast 
cancer and between 50 and 70 years of age [30, 
33–35].

Compared to women at an average risk, high- 
risk women present with an earlier onset of dis-
ease and often with more aggressive tumor types 
[36–41]. Thus, in these women screening pro-
grams must begin at a young age, 30 years or ear-
lier, to be effective. Furthermore, the screening 
method of choice must be able to detect small 
lesions at an early stage.

Based on the available evidence regarding the 
effectiveness of mammography in the general 
population, screening mammography was also 
suggested as a screening tool in high-risk women 
[13, 42, 43]. Several studies analyzed the effec-
tiveness of performing screening mammography 
every year starting from 30–35  years of age in 
women with a known mutation and/or at high- 
risk of developing breast cancer [19, 20, 26, 44–

47]. The sensitivity of mammography only 
ranged from 30% to 58% [20, 26, 48] (Table 10.1).

Although it has a low sensitivity, mammogra-
phy maintains a very high specificity in high-risk 
women, up to 95–99% (Table 10.1) [20, 26, 44, 
47]. As a consequence, mammography is the 
method that ensures a low recall rate ranging 
from 1.9% to 6.4% [19, 46].

Relevant drawbacks of mammography are 
related to the reduced sensitivity of this modality 
in high-risk women, including:

• Dense breast tissue, particularly in young 
patients participating in the surveillance pro-
grams [54–56]

• Rapid tumor growth [57]
• Atypical imaging features of breast cancers 

[58, 59]
• Cumulative effect of radiation from yearly 

mammograms [60, 61]

Breast cancers in high-risk women, particu-
larly in women with a BRCA1 deleterious muta-
tion, present with imaging features that might be 
difficult to identify and characterize on mam-
mography [36, 37, 39, 41, 58]. An example of 
prepectoral location of a triple negative breast 
cancer in BRCA1 mutation carriers is given in 
Fig.  10.1. In addition, the incidence of cancers 
presenting with microcalcifications is lower com-
pared to that in the general population [62, 63]. 
Based on the low incidence of calcified lesions, 
the subtle features of cancer in BRCA1 mutation 
carriers, and the young age at cancer onset, MRI 
of the breast has been suggested as a single 
screening modality in these groups of women 
[47, 64], as we will see below. An example of 
simultaneous positivity of mammography, US 
and MRI is given Fig. 10.2, while Fig. 10.3 shows 
a case of an MRI-only detected cancer, with posi-
tive targeted (second-look) US.

A further issue should be considered: Women 
with BRCA1 and BRCA2 mutations carry muta-
tions in genes involved in the DNA-damage 
repair pathway. These women are thus more 
prone to radiation-induced DNA damage and to 
radiation-induced breast cancer [65–67]. 
Exposing the breasts of these women to radia-
tion annually, despite the small doses delivered, 
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might also affect their risk of developing cancer. 
The reader can find more details on this topic in 
Chap. 12.

10.3  Ultrasonography 
and Clinical Breast 
Examination in High-Risk 
Women

Ultrasonography was suggested early as a possi-
ble adjunct modality in order to increase breast 
cancer detection in cases in which mammogra-
phy has limited sensitivity [55, 68–71]. Several 
analyses confirmed the usefulness of breast US, 
by showing that it was able to significantly 
increase the detection of node-negative invasive 
breast cancers in women with dense breasts [72–

74]. Compared to other imaging modalities, such 
as MRI, US is more widely available, less expen-
sive, and better tolerated by women [75].

Ultrasonography has been found to be able to 
increase cancer detection in high-risk women by 
3.7 per 1,000 [75]. The sensitivity of US alone is 
not significantly different from that of mammog-
raphy alone, ranging from 33% to 58% [18, 26, 
47, 76] (Table 10.1). The addition of US to mam-
mography can increase sensitivity up to 48–76% 
[20, 26, 47, 75]. However, in the studies consid-
ering the diagnostic performance of mammogra-
phy, US, and MRI, almost none of the cancers 
was detected by US only.

There are several drawbacks when consider-
ing US as a screening tool. The most relevant is 
the increase in recall rates and unnecessary 
biopsies [75]. It is not infrequent, when per-

Table 10.1 Sensitivity and specificity of mammography, US, MRI, and their combinations according to various 
studies

First author, 
year [reference] Women

Mammography 
alone US alone

Mammography 
and US MRI alone

MRI and 
mammography

MRI and 
US

SN %
SP 
%

SN 
%

SP 
% SN %

SP 
%

SN 
%

SP 
% SN %

SP 
%

SN 
%

SP 
%

Warner (2004) 
[74]a

236 38.0 99.6. 25.0 95.0 NA NA 85.0 93.0 NA NA NA NA

Kuhl (2005) 
[18]

529 32.6 96.8 39.5 90.5 48.8 89.0 90.7 97.2 93.0 96.1 NA NA

Leach (2005) 
[19]b

649 40.0 93.0 NA NA NA NA 77.0 81.0 94.0 77.0 NA NA

Weinstein 
(2009) [49]

609 39.0 91.0 17.0 88.0 NA NA 71.0 79.0 NA NA NA NA

Kuhl (2010) 
[20]

687 33.3 99.1 37.0 98.0 48.1 98.3 92.6 98.4 100.0 97.6 92.6 98.5

Rijnsburger 
(2010) [50]

2,157 41.3 94.6 NA NA NA NA 70.7 89.7 NA NA NA NA

Trop (2010) 
[51]

184 58.0 95.4 42.0 93.9 67.0c 90.3c 83.0 93.6 NA NA NA NA

Sardanelli 
(2011) [26]

501 50.0 99.0 52.0 98.4 62.5 97.6 91.3 96.7 93.2 96.3 93.3 96.0

Obdeijn (2014) 
[52]

93 51.1 NA NA NA NA NA 93.6 NA NA NA NA NA

Chiarelli (2014) 
[46]d

2,150 0.0e 93.5e NA NA NA NA 65.7 85.8 ??e ??e NA NA

Riedl (2015) 
[47]

559 37.5 97.1 37.5 96.9 50.0 95.7 90.0 88.9 95.0 88.2 90.0 87.8

Lo (2017) [53] 1,249 31.0 89.4 NA NA NA NA 95.6 78.4 NA NA NA NA

SN sensitivity, SP specificity, NA not available
aData for the first year of screening are shown
bData on digital mammography are shown
cAlso considering clinical breast examination
dData extracted from the paper
eOn 2080 that underwent mammography
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c d
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Fig. 10.1 A 36-year-old patient with a BRCA1 mutation. 
(a) Seventh round of screening mammography, left cra-
niocaudal projection. The breast is heterogeneously dense 
(ACR-BI-RADS density class c). An oval mass with 
obscured margins and a density equal to that of the paren-
chyma is seen on the left side (BI-RADS 5). (b) US shows 
a 20  mm irregular-shaped mass and indistinct margins, 
with parallel orientation at 11 o’clock (BI-RADS 5, 
highly suggestive of malignancy). (c, d) Diffusion-
weighted imaging (DWI), axial plane; (d) Apparent diffu-
sion coefficient (ADC) map. The oval-shaped mass with 

irregular margins is visible in the DWI images (b = 1,000) 
as a hyper-intense mass (c), with restricted diffusivity 
(1 × 10−3 mm2/s) corresponding to a dark lesion on the 
quantitative ADC map (d), highly suggestive for malig-
nancy (BI-RADS 5). Invasive ductal cancer, estrogen 
receptor negative (ER−), progesterone receptor negative 
(PR−), human epidermal growth factor receptor 2 nega-
tive (HER2−), G3. Note the prepectoral location of breast 
cancer, reported as more frequent in BRCA mutation car-
riers and high-risk women [58]

a b

Fig. 10.2 A 37-year-old patient with a BRCA2 mutation. 
(a) First round of screening mammography: right medio-
lateral oblique projection. The breast is heterogeneously 
dense (ACR-BI-RADS density class c), demonstrating a 
non- circumscribed oval lesion on the lower quadrant of 
the right breast (BI-RADS 4b). (b) US shows a 23-mm 
irregular-shaped mass with microlobulated margins and 
parallel orientation at 7 o’clock (BI-RADS 5). (c, d) MRI. 

(c) T2-weighted turbo spin-echo axial image. (d) Three-
dimensional T1-weighted gradient-echo subtraction 
image of the delayed phase (6 min). The irregular-shaped 
mass with irregular margins is visible in the contrast-
enhanced subtracted image, with heterogeneous enhance-
ment, wash-out in the delayed phase, and hypointense 
correlation in the T2-weighted image (BI-RADS 5). 
Invasive ductal cancer, ER+, PR+, HER2−, G3
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forming US, to detect uncharacteristic imaging 
findings that are classified as suspicious and 
require a histological verification to exclude 
malignancy. Thus, the specificity of mammog-
raphy is decreased by the addition of US and 
ranges from 74% to 98% [20, 26, 47, 75, 76]. 
Specificity increased with screening rounds [26, 
76], but the overall performance of US remains 
inferior compared to that of MRI (see below) 
[20, 26, 47], even when performed every 
6 months [20]. Considering the excellent results 
of MRI [20, 21, 26, 47, 76], US should no longer 
be offered as a screening tool in high-risk 
women.

Clinical breast examination  (CBE) was pro-
posed as an adjunct screening modality also in 
high-risk women [42]. Currently, there is no evi-
dence of its usefulness. Studies have shown that 
it has a very low sensitivity in high-risk women, 
ranging from 7% to 20% [26, 44, 77]. CBE is of 
limited use in young women with dense breast 
parenchyma, who often present with cysts or 

other benign lesions, which, in several cases, 
might mimic or hide suspicious findings. 
However, CBE usually detects palpable lesions 
that indicate a rather advanced stage of disease. 
Thus, this method of screening was soon found to 
be ineffective in high-risk women [37].

10.4  Breast MRI in High-Risk 
Women

As mentioned above, over the past decade, a 
number of studies have investigated the effective-
ness of breast MRI alone and in combination 
with different imaging breast modalities, namely, 
mammography and US, for an intensified surveil-
lance in women at genetic/familial risk of devel-
oping breast cancer [18, 19, 22–24, 26, 50, 78, 
79]. These studies have been prompted by the 
discouraging results of screening mammography 
for women at high risk, with interval cancer rates 
of up to 55% [20, 39, 49, 58, 80].

c d

Fig. 10.2 (continued)
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As widely reported, MRI has been shown to 
be highly sensitive for the identification of breast 
cancer, even in dense breasts [12, 27, 51]. 
Findings of several prospective studies have 
boosted the role of MRI alone as an excellent 
screening tool that may benefit women at high 
risk (Table 10.1).

Ellen Warner and coworkers [76] compared 
the sensitivity and specificity of four methods of 
breast cancer surveillance (mammography, US, 
MRI, and clinical breast examination) in 236 
Canadian women 25–65 years of age with BRCA1 
or BRCA2 mutations, who underwent one to 
three annual screening examinations. Sensitivity 

and specificity (based on biopsy rates) were 77 
and 95% for MRI, 36% and 99.8% for mammog-
raphy, 33% and 96% for US, and 9% and 99% for 
clinical breast examination. Thus, these results 
confirmed that MRI outperformed the other 
modalities, in terms of sensitivity for detecting 
breast cancers.

In a surveillance cohort study, Christiane Kuhl 
and coworkers [18, 49] investigated the effective-
ness of mammography, US, and MRI in 529 
asymptomatic women at genetic/familial high 
risk for breast cancer. The authors found a sensi-
tivity of 91% for MRI alone versus 34% for 
mammography and 42% for US and concluded 

a b

Fig. 10.3 A 41-year-old patient with a positive family 
history. (a) Third round of screening mammography: right 
craniocaudal projection. The breast is heterogeneously 
dense (ACR-BI-RADS density class c). No lesions are 
seen (BI-RADS 1). First-look US was negative (not 
shown). (c, d) DWI, axial plane. An irregular-shaped mass 
with spiculated margins is visible in the DWI image 
(b = 1,000) as an hyper-intense mass (c), with restricted 

diffusivity (1 × 10−3 mm2/s) and dark signal on the quanti-
tative ADC map (d) (BI-RADS 5). (b) Targeted (second-
look) US shows a 7-mm irregular-shaped mass with 
indistinct margins, with vertical (non-parallel) orienta-
tion, at 1 o’clock, in the right breast (BI-RADS 5). 
Invasive ductal carcinoma, ER+, PR+, HER2−, G2. Only 
MRI allowed detecting the cancer
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that MRI has the highest sensitivity, specificity, 
and positive predictive value for the detection of 
both invasive and intra-ductal cancers. Moreover, 
previously reported data suggested that the multi-
modality approach, i.e., the combination of two 
or more breast imaging techniques, has the high-
est diagnostic performance and yields the highest 
detection rates in the screening setting.

The MARIBS trial [19] demonstrated a sig-
nificantly higher sensitivity (77%) of MRI than 
mammography (40%) in 649 women 35–49 years 
of age with a strong family history of breast can-
cer or a high probability of a BRCA1, BRCA2, or 
TP53 mutation. Furthermore, when both methods 
were used, the sensitivity in breast cancer detec-
tion reached up to 94%. Specificity was 93% for 
mammography, 81% for MRI, and 77% (range 
75–79%) with both methods.

The Italian multicenter screening study 
HIBCRIT [50] reported a sensitivity of 59% for 
mammography, 65% for US, and 94% for MRI, in 
278 high-risk women screened between 2000 and 
2007. The final report of this study extended to 501 

enrolled women [26] maintained for MRI the high-
est sensitivity value (91% versus 50% for mam-
mography, 52% for US, and 18% for clinical breast 
examination) associated with a specificity of 97% 
and a PPV of 56%, leading to the conclusion that 
the addition of MRI to screening programs for 
high-risk women may enable the detection of oth-
erwise unsuspected breast cancers.

In a prospective study from Austria, 
Christopher C.  Riedl and colleagues [21] eluci-
dated the value of MRI compared to conventional 
imaging techniques, mammography, and US, in 
the surveillance setting on 327 women at high 
risk. In accordance with the previously mentioned 
publications, the authors found that MRI had a 
superior sensitivity, up to 86%, in the detection of 
breast cancers compared with mammography 
(50%) and US (50%). With regard to the specific-
ity, the authors found a trend of an increased spec-
ificity for MRI in the follow-up rounds (from 90 
to 95%) compared to the first round of surveil-
lance screening (92%). Finally, the results of the 
study showed that MRI of the breast also improves 

c d

Fig. 10.3 (continued)
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the detection of ductal carcinoma in situ and pre-
malignant lesions such as atypical ductal hyper-
plasia with an alleged positive effect, in terms of 
saved years.

Based on these data, international guidelines 
recommend screening high-risk women with 
yearly MRI from age 25  years onward, and 
additional mammography from age 30  years 
[12, 19, 25, 27]. Yet, a number of issues remain. 
One of the main concerns about MRI as a 
modality for breast cancer screening is its rela-
tively low positive predictive value, which 
ranges from 24% to 71% [19, 21, 23, 39, 76]. 
Moreover, when MRI is used in combination 
with other modalities, this leads to a trade-off 
between a very high detection rate and a rela-
tively high false-positive rate. Thus, additional 
examinations, including repeated MRI scans, 
targeted US, and unnecessary breast biopsies 
[44, 81], are performed. As a consequence, the 
costs predictably increase [82].

In a single-center prospective study from 
Austria, Christopher C. Riedl and colleagues [47] 
analyzed a screening population of 559 women 
with 1,365 complete imaging rounds to evaluate 
the risks and benefits of the various breast screen-
ing modalities alone and in combination. MRI 
alone found almost half of all cancers (45%), 
whereas the added value of mammography was 
limited, and there was no added value for US.

In a retrospective cohort study, Narayan and 
colleagues [83] tested the cancer detection rate of 
adding mammography to breast MRI screening 
compared to breast MRI screening alone in 
patient at high risk less than 40 years. They found 
that the cancer detection rate of mammography in 
this setting is 0% whereas breast MRI screening 
alone yielded a cancer detection rate of 
11.7/1,000. Therefore, the authors suggested than 
MRI alone may be useful in women at high risk 
under 40 years of age.

Similar conclusions were reached in a recently 
published individual patient data meta-analysis. 
Xuan-Anh Phi an coworkers [64] investigated the 
improved diagnostic accuracy of the screening 
programs that combined MRI and mammography 
in BRCA1 and BRCA2 mutation carriers. By ana-
lyzing findings from six prospective MRI screen-

ing studies, the authors found a limited contribution 
of mammography for BRCA1-mutated patients. 
Thus, in BRCA1 mutation carriers, mammography 
could be no longer recommended as a screening 
tool, if MRI is performed. This might outweigh the 
possible disadvantages of mammography, such as 
false-positive results and the cumulative effects of 
radiations. However, the authors underlined the 
role of mammography for screening BRCA2 muta-
tion carriers, emphasizing the need for different 
screening recommendations for these two groups 
of women carrying different BRCA mutations.

10.5  Survival Rates and Cost- 
Effectiveness of High-Risk 
Screening

To be considered effective, a screening program 
must have several characteristics: it must be 
widely available; it must be accepted by the tar-
get population; it must not be excessively expen-
sive; and it must be able to influence the natural 
history of the disease. This means that a screen-
ing program is only justified when it is cost- 
effective and able to reduce the disease-specific 
mortality. While this has been proven to be true 
for mammography screening applied to the gen-
eral female population aged 50–69  years, there 
are only limited data available about the survival 
of high-risk women after screening with breast 
MRI. The lack of data has several causes: first, 
many of the studies that showed the superiority of 
breast MRI in cancer detection in high-risk 
women were not powered to perform a survival 
analysis. Indeed, many of the studies included a 
limited number of patients, thus limiting the 
results. Furthermore, many of these studies are 
relatively recent. This means that we still do not 
have sufficient follow-up to prove the benefits of 
MRI screening in high-risk women with regard to 
survival, although some initial data are already 
available. We summarized here some of the stud-
ies reporting results on survival rates of high-risk 
patients enrolled by MRI-including screening 
studies. The reader can find a more extensive 
analysis on the complex topic of high-risk 
patients’ outcome in Chap. 13.
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D.  Gareth Evans and coworkers [84] ana-
lyzed the 10-year survival of three different 
groups of high-risk women. One underwent 
screening MRI and mammography, one group 
mammography only, and one group did not 
undergo screening. The results showed a signifi-
cantly higher survival at 10  years for women 
screened with MRI and mammography (95%   
no deaths among the 21 BRCA2 mutation carri-
ers) compared to those not screened (74%). No 
significant difference was found between 
screening with MRI and mammography versus 
mammography alone. However, we should con-
sider that these three groups were neither ran-
domized nor concurrent in the same time period. 
In particular, the MRI-including screening was 
performed in the period 1997–2013 and com-
pared to unscreened high-risk women diagnosed 
for breast cancer after 1990 and identified as 
BRCA1/BRCA2 mutation carriers in the years 
following diagnosis. Thus, the high MRI sensi-
tivity can partly explain the difference in 10-year 
survival. However, the evolution of therapeutic 
protocols applied to high-risk patients after the 
discovery of BRCA mutations in 1995–1997 
could also have contributed to the observed dif-
ference in the survival of these two groups [85].

In the frame of a national surveillance pro-
gram activated in Norway, Pål Møller and 
coworkers [86] focused their attention on women 
with a BRCA1 mutation screened with MRI and 
mammography. For these patients they reported a 
breast cancer–specific survival of 75% at 5 years 
and 69% at 10 year. The authors commented that 
these survival rates were “less than anticipated.” 
Of note, at multivariable analysis, tumor size 
resulted to be the only variable associated with 
survival.

In a recent report, Franca Podo and coworkers 
[87] reported high survival rates from the 
HIBCRIT study, showing a 5-year survival for 
triple negative breast cancers (86%), not signifi-
cantly different from that of non-triple negative 
breast cancers (93%). The authors commented 
that in high-risk women, by combining an MRI- 
including annual screening with adequate treat-
ment, the usual reported gap in outcome between 
TNBCs and non-TNBCs could be reduced.

At any rate, every screening program, even in 
a high-risk population, has to consider costs. 
Screening mammography has been shown to be 
cost-effective, also when beginning at 40 [85]. 
Compared to mammography and US, MRI is cer-
tainly more expensive due to the required highly 
trained personnel and costly facilities and con-
sumables, including contrast agent to be adminis-
tered. Moreover, false positives from MRI imply 
additional costs and short-term follow-up 
investigations.

Only a few studies have examined the cost- 
effectiveness of MRI breast cancer screening, 
alone or in combination with mammography.

Ingolf Griebsch and coworkers [88] used the 
data from the MARIBS study to evaluate the 
cost-effectiveness of mammography and MRI for 
high-risk women aged 35–49 years with a strong 
family history of breast cancer or with tested 
BRCA1, BRCA2, or TP53 mutation or with a 50% 
risk of having inherited such a mutation. The 
authors found that the combination of MRI with 
mammography is potentially cost-effective, par-
ticularly for the BRCA1 and BRCA2 groups. For 
all women, the incremental cost per cancer 
detected with the combination MRI and mam-
mography was £ 28,284 compared to mammog-
raphy alone. When considering only BRCA/2 
mutation carriers, this incremental cost was 
reduced to £ 11,731 (MRI versus mammography) 
and £ 15,302 (MRI and mammography versus 
mammography alone).

Sylvia K.  Plevitris and coworkers [89] led a 
similar analysis and concluded that breast MRI 
screening is more cost-effective for BRCA1 than 
BRCA2 mutation carriers, due to the greater risk 
of BRCA1 mutation carriers for developing more 
aggressive breast cancer and at a younger age 
than BRCA2 mutation carriers. The authors also 
suggested that the cost-effectiveness of MRI 
screening varies greatly by age.

Charu Taneja et  al. [82] supported previous 
data and found that screening with MRI, alone or 
in combination with mammography, in women 
with BRCA1/2 mutations is cost-effective com-
pared to mammography alone. In addition, in 
women with other high-risk characteristics, MRI 
screening may be cost-effective, depending on 
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the expected prevalence of undiagnosed breast 
cancer at the time of screening.

Allison W.  Kurian and coworkers [9] devel-
oped a Monte Carlo model for comparing, in 
25-year-old BRCA1/2 mutation carriers, annual 
mammography combined with MRI from ages 
25 to 69 years, prophylactic mastectomy at vari-
ous ages, and/or prophylactic oophorectomy at 
ages 40 or 50 years. In the case of no interven-
tion, survival probability by age 70 resulted in 
53% for BRCA1 and 71% for BRCA2 mutation 
carriers. Prophylactic oophorectomy at age 40 
resulted in the most effective single intervention 
for BRCA1 mutation carriers (15% survival gain). 
Prophylactic mastectomy at age 40 resulted in the 
most effective single intervention for BRCA2 
mutation carriers (7% survival gain). Combining 
prophylactic mastectomy and oophorectomy at 
age 40 improves survival more than any single 
intervention, giving BRCA1 mutation carriers a 
24% survival gain and BRCA2 mutation carriers 
a 11% survival gain). Interestingly, the authors 
noted that anticipating prophylactic mastectomy 
at age 25 would offer a minimal incremental ben-
efit (1–2%) and that substituting MRI and mam-
mography screening for prophylactic mastectomy 
would yield a similarly minimal decrement in 
survival (2–3%). They concluded highlighting 
that “substituting mammography plus MRI 
screening for prophylactic mastectomy seems to 
offer comparable survival.”

10.6  Conclusions

A body of evidence plays in favor of the follow-
ing affirmations regarding screening strategies in 
high-risk women:

 1. MRI is much more sensitive than mammogra-
phy and/or US in detecting breast cancers 
(this evidence has been the basis for guide-
lines worldwide [4, 5, 12, 25, 27, 34, 82]).

 2. The incremental detection rate of US, if any, is 
negligible.

 3. The contribution of mammography alone in 
cancer detection is low, especially when con-
sidering BRCA1 mutation carriers.

If we take into account cost-effective consider-
ations and the higher sensitivity to ionizing radia-
tion of BRCA or TP53 mutation carriers (see in 
particular Chap. 12), the possibility of using MRI 
alone for screening high-risk women has to be 
evaluated. This strategy may simplify organiza-
tional issues and reduce costs and women’s anxi-
ety (only one test, only one visit!). Future research 
in this direction is certainly needed.
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11.1  Introduction

Science is a cooperative, interdependent enter-
prise. This is the first sentence opening the book 
Research Synthesis and Meta-Analysis by Harris 
M. Cooper [1]. There are many ways of coopera-
tion in science and, in particular, in medical 
research. The first one relies on the obvious con-
sideration that not any physician or basic scientist 
is able, alone, to produce new results enhancing 
the basic biologic or physiopathological knowl-
edge or increasing the quality of healthcare. 
Whatever the biological discovery, drug, or 
device, it is always the effect of the efforts of 
many people or—better to say—of many teams 
working on a coordinated project at the same 
time or providing results that lead, step-by-step, 
to a common goal. This is increasingly true in the 
last decades, when every new knowledge is based 
on the use of technologies that other people made 
available to allow the new advancement.

Another way of cooperation in science is the 
combination of data obtained in different studies, 
as retrieved by researchers who review the 
amount of knowledge already available on a 
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given topic. This approach deals with the intrinsi-
cally cumulative nature of science. Almost two 
decades ago, Ian Chalmers, Larry V. Edges, and 
Harris M. Cooper [2] highlighted the following 
contradiction:

Science is supposed to be cumulative, but scien-
tists only rarely cumulate evidence scientifically. 
This means that users of research evidence have to 
cope with a plethora of reports of individual stud-
ies with no systematic attempt made to present new 
results in the context of similar studies.

This manner to solve the problem consists of 
performing a systematic review (SR). Instead of 
conducting a new primary study enrolling 
patients to provide primary evidence, researchers 
can perform a secondary analysis “enrolling” 
primary studies to provide, when possible, sec-
ondary evidence. This last step is a new result, 
based on a number of patients and events larger 
than that of each of the individual primary stud-
ies. It is a synthesis obtained by means of a meta-
analysis (MA), i.e., of special statistical 
techniques developed in the last decades, to 
address this specific aim. When not only the pro-
cess of retrieval and selection of previous studies 
but also the new synthesis is carried out, we have 
the so-called systematic review and meta-analy-
sis (SR&MA) [3, 4].1 In the larger context of the 
evaluation process of medical technology, called 
health technology assessment (HTA),2 a different 
kind of analysis integrating scientific evidence 
for benefit versus harms with economic issues is 
named cost-effectiveness analysis (CEA) [5].

Notably, the use of breast magnetic reso-
nance imaging (MRI) for screening high-risk 
women has been investigated by SR&MAs. 
These secondary studies substantially contrib-
uted to the worldwide acceptance of this tool as 
a highly sensitive method to be offered to high-
risk women. In some cases, SR&MAs not only 

1 There are cases when the systematic review (and the 
selection of published papers) cannot generate data suit-
able for a new synthesis. In these circumstances, we will 
have the systematic review with the description of the 
available data, without the meta-analysis.
2 Note that in this context the term technology refers to any 
medical or surgical practice as well as to any medicines or 
devices.

gave more precise estimates of the diagnostic 
performance of breast MRI in this setting, but 
also provided deeper insights by means of the 
subgroup analysis or of a special approach 
named individual patient (or participant) data 
MA (IPD-MA).

Taking into consideration the relevance that 
SR&MAs are progressively acquiring for the 
definition of guidelines for evidence-based prac-
tice, we dedicate the first part of this Chapter to a 
brief explanation of general methodological 
issues regarding these particular studies.

Thus, the aims of this Chapter are the follow-
ing: (1) to define the central role of SR&MAs in 
the context of contemporary medicine and the 
practice of healthcare systems; (2) to provide a 
brief history of SRs; (3) to present an overview of 
the methods of SRs and of MAs, summarizing 
their advantages and limitations; (4) to present 
the results of SR&MAs performed on breast MRI 
for screening high-risk women, looking not only 
at reinforced knowledge about the capability of 
MRI but also at new knowledge acquired through 
MA that the original individual primary studies 
were not able to provide; and (5) to examine the 
contributions on this topic from CEA.

11.2  The Key Role of Systematic 
Reviews in Contemporary 
Medicine

In the last two decades, SR&MAs gained a prom-
inent position in the theory and practice of con-
temporary medicine. Practically, medical 
innovations that gain a relevant clinical role in the 
healthcare systems almost always are evaluated 
looking at the evidence available in the literature 
using this approach. SR&MAs were increasingly 
adopted as a key evidence synthesis, on which 
recommendations and guidelines from medical 
and governmental bodies are based.

In fact, in the hierarchy of evidence-based 
medicine (EBM) [6], the highest level of evi-
dence (level 1a) for all the fields of application, 
is given by SRs with homogeneity (i.e., free of 
worrisome variations in the direction and magni-
tude of results among individual studies) 
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(Table  11.1). However, we must note that the 
current trend is in favor of the acceptance of het-
erogeneity as long as sources of such heteroge-
neity are considered and explored, especially in 
SR&MAs of diagnostic performance, as we will 
see below in Sect. 11.4.

This means that the way for getting the best 
evidence for prevention and therapy, diagnosis, 
differential diagnosis, prognosis, and economic 
and decision analysis is given by SRs of different 
types of primary studies: randomized controlled 
trials for prevention and therapy; high-quality 

Table 11.1 Levels of evidence according to the Oxford Centre for Evidence-Based Medicine

L Diagnosis

Differential 
diagnosis/symptom 
prevalence study

Therapy/prevention, 
etiology/harm Prognosis

Economic and 
decision analyses

1a SR (with 
homogeneitya) of L1 
diagnostic studies; 
CDRb with 1b 
studies from 
different clinical 
centers

SR (with 
homogeneitya) of 
prospective cohort 
studies

SR (with 
homogeneitya) of 
RCTs

SR (with 
homogeneitya) of 
inception cohort 
studies; CDRb

Validated in 
different 
populations

SR (with 
homogeneitya) of L1 
economic studies

1b Validatingc cohort 
study with goode 
reference standards; 
or CDRb tested 
within one clinical 
center

Prospective cohort 
study with good 
follow-upf

Individual RCT 
(with narrow CI)d

Individual inception 
cohort study with 
>80% follow-up; 
CDRb validated in a 
single population

Analysis based on 
clinically sensible 
costs or alternatives; 
SR of the evidence; 
and including 
multi-way sensitivity 
analyses

1c Absolute SPins and 
SnNoutsg

All or noneh 
case-series

All or noneh All or none 
case-series

Absolute better-value 
or worse-value 
analysesi

2a SR (with 
homogeneitya) of 
L > 2 diagnostic 
studies

SR (with 
homogeneitya) of 
2b and better 
studies

SR (with 
homogeneitya) of 
cohort studies

SR (with 
homogeneitya) of 
either retrospective 
cohort studies or 
untreated control 
groups in RCTs

SR (with 
homogeneitya) of 
L > 2 economic 
studies

2b Exploratoryd cohort 
study with goode 
reference standards; 
CDRb after 
derivation, or 
validated only on 
split-samplej or 
databases

Retrospective 
cohort study, or 
poor follow-up

Individual cohort 
study (including low 
quality RCT; e.g., 
<80% follow-up)

Retrospective cohort 
study or follow-up 
of untreated control 
patients in an RCT; 
derivation of CDR 
or validated on 
split-samplej only

Analysis based on 
clinically sensible 
costs or alternatives; 
limited review(s) of 
the evidence, or single 
studies; and including 
multi-way sensitivity 
analyses

2c Ecological studies Outcomes research; 
ecological studies

Outcomes research Audit or outcomes 
research

3a SR (with 
homogeneitya) of 3b 
and better studies

SR (with 
homogeneitya) of 
3b and better 
studies

SR (with 
homogeneitya) of 
case-control studies

SR (with 
homogeneitya) of 3b 
and better studies

3b Non-consecutive 
study; or without 
consistently applied 
reference standards

Non-consecutive 
cohort study, or 
very limited 
population

Individual case-
control study

Analysis based on 
limited alternatives or 
costs, poor quality 
estimates of data, but 
including sensitivity 
analyses incorporating 
clinically sensible 
variations.

(continued)
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diagnostic studies for diagnosis; prospective 
cohort studies for differential diagnosis; incep-
tion cohort studies for prognosis; and high- 
quality economic studies for economic and 

decision analysis. In the case of diagnosis and 
prognosis, studies considered for meta-analysis 
should have ideally used clinical decision rules 
already validated on independent populations.

Table 11.1 (continued)

L Diagnosis

Differential 
diagnosis/symptom 
prevalence study

Therapy/prevention, 
etiology/harm Prognosis

Economic and 
decision analyses

4 Case-control study, 
poor or non- 
independent 
reference standard

Case-series or 
superseded 
reference standards

Case-series  
(and poor quality 
cohort and 
case-control 
studiesk)

Case-series  
(and poor quality 
prognostic cohort 
studiesl)

Analysis with no 
sensitivity analysis

5 Expert opinion 
without explicit 
critical appraisal, or 
based on physiology, 
bench research or 
first principles

Expert opinion 
without explicit 
critical appraisal, or 
based on 
physiology, bench 
research or first 
principles

Expert opinion 
without explicit 
critical appraisal, or 
based on 
physiology, bench 
research or first 
principles

Expert opinion 
without explicit 
critical appraisal, or 
based on 
physiology, bench 
research or first 
principles

Expert opinion 
without explicit 
critical appraisal, or 
based on economic 
theory or first 
principles

Slightly modified from https://www.cebm.net/2009/06/oxford-centre-evidence-based-medicine-levels-evidence-
march-2009/, Accessed 30 June 2020. Produced by Bob Phillips, Chris Ball, Dave Sackett, Doug Badenoch, Sharon 
Straus, Brian Haynes, Martin Dawes since November 1998. Updated by Jeremy Howick, March 2009
L level, SR systematic review, CDR clinical decision rules, RCT randomized controlled trial, CI confidence interval
Users can add a minus-sign (−) to denote the level of that fails to provide a conclusive answer because EITHER a single 
result with a wide CI OR a SR with troublesome heterogeneity. Such evidence is inconclusive and therefore can only 
generate Grade D recommendations
aA SR with homogeneity should be free of worrisome variations (heterogeneity) in the directions and magnitude of 
results among individual studies. Not all SR with statistically significant heterogeneity need be worrisome, and not all 
worrisome heterogeneity need be statistically significant. SR displaying worrisome heterogeneity should be tagged with 
a “–” at the end of their designated level
bClinical decision rules are algorithms or scoring systems that lead to a prognostic estimation or a diagnostic category
cValidating studies test the quality of a specific diagnostic test, based on prior evidence. An exploratory study collects 
information and trawls the data (e.g., using a regression analysis) to find which factors are significant
dGood reference standards are independent of the test, and applied blindly or objectively to all patients. Poor reference 
standards are haphazardly applied, but still independent of the test. The use of a non-independent reference standard 
(where the “test” is included in the “reference,” or where the “testing” affects the “reference”) implies a L4 study
eGood follow-up in a differential diagnosis study is >80%, with adequate time for alternative diagnoses to emerge (for 
example 1–6 months acute, 1–5 years chronic)
fSee note above for advice on how to understand, rate, and use trials or other studies with wide confidence intervals
gAn absolute SpPin is a diagnostic finding whose specificity is so high that a positive result rules-in the diagnosis. An 
absolute SnNout is a diagnostic finding whose sensitivity is so high that a negative result rules-out the diagnosis
hMet when all patients died before the prescription became available, but some now survive on it; or when some patients 
died before the prescription became available, but none now die on it
iBetter-value treatments are clearly as good but cheaper, or better at the same or reduced cost. Worse-value treatments 
are as good and more expensive, or worse and equally or more expensive
jSplit-sample validation is achieved by collecting all the information in a single tranche, then artificially dividing this 
into derivation and validation samples
kA poor-quality cohort study is one that failed to clearly define comparison groups and/or failed to measure exposures 
and outcomes in the same (preferably blinded), objective way in both exposed and non-exposed individuals and/or 
failed to identify or appropriately control known confounders and/or failed to carry out a sufficiently long and complete 
follow-up of patients. By poor-quality case-control study, we mean one that failed to clearly define comparison groups 
and/or failed to measure exposures and outcomes in the same (preferably blinded), objective way in both cases and 
controls and/or failed to identify or appropriately control known confounders
lA poor-quality prognostic cohort study is one in which sampling was biased in favor of patients who already had the 
target outcome, or the measurement of outcomes was accomplished in <80% of study patients, or outcomes were deter-
mined in an unblinded, non-objective way, or there was no correction for confounding factors
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This evidence ranking influences the grade of 
recommendations to be issued (Table 11.2). This 
high levels of evidence and best practices are 
strongly related to the synthesis of the evidence 
that SR&MAs offer to healthcare services, as a 
basis for CEA in HTA [5].

Tables 11.1 and 11.2 clearly explain the 
impact of SR&MAs on clinical practice. Of note, 
guidelines and recommendations issued by gov-
ernmental bodies and medical associations—
based on the logic chain from primary studies to 
SR&MA and CEAs—are increasingly used for 
defining crucial aspect of healthcare, including 
insurance reimbursement or coverage by public 
systems as well as for evaluating the value of 
medical actions or cases of medical misconduct.

11.3  A Brief History of Systematic 
Reviews

The historical pathway of SRs is not a long one. 
As underlined by Ian Chalmers, Larry V. Edges, 
and Harris M.  Cooper [2], formal methods for 
this approach are relatively recent:

Although the need to synthesize research evidence 
has been recognized for well over two centuries, 
explicit methods for this form of research were not 
developed until the twentieth century. The develop-
ment of methods to reduce statistical imprecision 
using quantitative synthesis (meta-analysis) pre-
ceded the development of methods to reduce biases, 
the latter only beginning to receive proper attention 
during the last quarter of the twentieth century.

However, efforts to reduce the likelihood of 
being misled by biases and chance in research 
synthesis have quite a long history. In the eigh-
teenth century, for example, James Lind, a 
Scottish naval surgeon, was confronted with a 
plethora of reports about the prevention and treat-
ment of scurvy. The title of his famous article [7] 
declares that it contains A treatise of the scurvy: 
in three parts, containing an inquiry into the 
nature, causes, and cure, of that disease, together 
with a critical and chronological view of what 
has been published on the subject. L. Brunt [8] 
relates that, in 1768, Arthur Young, an English 
farmer who played a pioneering role in the devel-
opment of sample surveys, noted that “it is impos-
sible from single experiments, or from a great 
number, in different lands, separately considered, 
to deduce a satisfactory proof of the superiority 
of any method.” This problem remained substan-
tially unresolved up to the end of the last 
century.

In fact, prior to the 1990s, combining data 
from multiple studies was the task of narrative 
reviews. An expert (or a group of experts) in a 
given research field would read the studies that 
addressed a clinical question, summarizing the 
findings in a narrative (discussion-like) style, 
then proposing a conclusion. This approach 
clearly suffers from subjectivity and lack of 
transparency. For example, different reviewers 
(here meaning the authors of a review) might use 
different criteria for selecting primary studies to 
be considered, thus leading to potentially differ-
ent conclusions. Another limitation of narrative 
reviews is that a conclusion may be drawn on the 
direction (i.e., a given treatment is effective, not 
effective, or even harmful) but no magnitude of 
the effect may be provided nor a statistical sig-
nificance. In other words, narrative reviews pro-
vide qualitative, not quantitative results.

The approach used by formal SRs is quite dif-
ferent. The Cochrane Collaboration [9] defines a 
SR as a review of a clearly formulated question 
that uses systematic and explicit methods to iden-
tify, select and critically appraise relevant 
research, and to collect and analyze data from 
the studies that are included in the review. In a 
SR, reviewers do not conduct a new original 
study on a given topic, enrolling patients to 

Table 11.2 Grades of recommendation according to the 
Oxford Centre for Evidence-Based Medicine

Grade of 
recommendation Level of studies considereda

A Consistent level 1 studies
B Consistent level 2 or 3 studies or 

extrapolationsb from level 1 studies
C Level 4 studies or extrapolationsb 

from level 2 or 3 studies
D Level 5 evidence or troublingly 

inconsistent or inconclusive studies 
of any level

aWith reference to Table 11.1
bWhere data are used in a situation that has potentially clini-
cally important differences compared to the original study 
situation

11 Systematic Reviews, Meta-Analyses, and Cost-Effective Analyses on Breast MRI Screening…



172

 provide primary evidence. Instead, they perform 
a secondary analysis including primary studies to 
provide, when possible, a secondary evidence. 
SRs have been increasingly adopted in the last 20 
years as evidence synthesis informing medical 
and governmental bodies issuing recommenda-
tions and guidelines. There still is a degree of 
subjectivity in setting criteria for a SR as well as 
in drawing conclusions. However, because all 
criteria are clearly specified a priori, the whole 
procedure can be considered as transparent.

The term systematic review became more 
widely used than research synthesis probably 
because the former was used by Archibald 
L. Cochrane [10] in his foreword to a compilation 
of research syntheses relating to many aspects of 
care during pregnancy and childbirth published 
during the late 1980s. The term was subsequently 
promoted to distinguish the measures to control 
biases in searching the primary studies (the SR) 
from the statistical procedures to provide a precise 
estimation of a treatment effect size or a technique 
diagnostic accuracy, for which the term meta-
analysis was suggested [11, 12]. This last step pro-
vides new results, based on a population of patients 
larger than that of each individual primary study. 
Unlike narrative reviews, where reviewers subjec-
tively assign some importance to each primary 
study, in MA weights are assigned using mathe-
matical criteria that are defined in advance.

11.4  Methods of Systematic 
Reviews

The amount of information to face when trying to 
answer a clinical question is huge and continu-
ously increasing. As per December 30, 2018, 
over 29 million articles are cited in the PubMed 
database [13]. More than one paper per minute is 
added to the database. A recent review [14] has 
estimated the size of other databases as follows: 
Scopus, 69  million; Web of Science Core 
Collection, over 67.5 million; Web of Science, ten 
databases included Core Collection, over 
105.5  million; Google Scholar, over 389  mil-
lion. Based on estimates provided in 2014–2015 
[15], about 28,100 peer-reviewed English-

language journals were active in 2014, collec-
tively publishing 2.5 million of articles/year. In 
2015, the CrossRef database included over 
71  million digital object identifiers (DOIs), of 
which 55 million refer to journal articles from a 
total of over 36,000 journals. Even though the 
estimate of articles quoted in Google Scholar has 
been considered as questionable [14], all these 
figures give an idea of the difficulties inherent to 
the search for clinical evidence in the published 
literature.

Of note, other than the quantity of informa-
tion, its quality should be considered in drawing 
conclusions. From this viewpoint, access to high- 
quality SRs represents a clear advantage for phy-
sicians and policy makers. A single study, even if 
well conducted, may not be able to demonstrate 
the efficacy of a treatment or of a diagnostic tool, 
even if performed on a relatively large sample of 
patients.

Differently from primary studies, which are 
designed specifically for the study objectives, the 
quality of information provided by a SR is 
strongly related to the quality of the available evi-
dence. Although this is an a priori limitation of 
SRs, it should be noted that, even if the source 
primary studies have quality limitations, a SR 
will still provide higher-level evidence than that 
of individual studies because it will present a 
more comprehensive view of the evidence and its 
limitations. As such, SRs must be based on a 
detailed and exhaustive research protocol, whose 
basic steps are listed below:

 1. Definition of a clinical or health-related 
question

 2. Systematic search of sources
 3. Appraisal of the methodological quality of the 

analyzed studies
 4. Quantitative synthesis of data, when 

appropriate

Specifying the methods in advance reduces 
the risk of introducing biases into the SR. Here 
we briefly highlight the basic principles of the 
above-mentioned steps. Thereafter, we will out-
line the specific role of IPD-MAs and the general 
advantages and limitations of MAs. Suggested 
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readings are the Cochrane Handbook for 
Systematic Reviews of Interventions [4] and the 
Cochrane Handbook for Diagnostic Test 
Accuracy [3].

Definition of the clinical question. As with any 
research, the first and most important step in pre-
paring a SR is to determine its focus framing the 
question it seeks to answer. This is done specify-
ing the types of population (participants), types 
of interventions and comparisons, and outcomes 
of interest, summarized by the acronym PICO 
(participants, interventions, comparisons, and 
outcomes). In the case of SRs about diagnostic 
test accuracy, intervention and comparison are 
substituted by the investigated index test and the 
reference standard; comparators other than the 
reference standard can be taken into  consideration. 
First, the disease or condition of interest should 
be defined using explicit criteria for establishing 
their presence or not, determining the character-
istics of participants. Second, the investigated 
intervention (or diagnostic tool) and the refer-
ence against which this will be compared (com-
parisons) have to be defined, taking into 
consideration intervention variations (e.g., tech-
nical issues and examination protocol of diagnos-
tic tool). Third, specific outcomes, meaningful to 
decision makers, should be chosen. Outcomes 
may include clinical issues such as survival (or 
mortality3), key events (e.g., stroke or myocardial 
infarction), patient-reported outcomes (e.g., 
symptoms, quality of life), burdens (e.g., 
demands on caregivers, frequency of imaging 
tests, restrictions on lifestyle), and economic out-
comes (e.g., cost and resource use). In the case of 
diagnostic test accuracy, outcomes can be mea-
sures of performance such as sensitivity, specific-
ity, or area under the curve (AUC) at receiver 
operating characteristics (ROC) analysis.

3 Note that survival and mortality are not supplementary 
quantities. This is due to the fact that survival is usually 
computed on a cohort of patients diagnosed with a disease 
while mortality is computed as rate for inhabitants of a 
given territory. In the case of relevant increase of overdi-
agnosis, temporal trends for the two quantities can be 
strongly contradictory: strong increase of survival versus 
stability of mortality.

Systematic search of sources and eligibility 
criteria. A systematic and reproducible search of 
several sources to identify as many relevant stud-
ies as possible is necessary. This is a major factor 
distinguishing SRs from narrative reviews. For 
biomedical SRs, a search of PubMed (MEDLINE) 
alone is generally not considered adequate. A 
number of other electronic databases can be used: 
EMBASE, The Cochrane Central Register of 
Controlled Trials (CENTRAL), BioMed Central, 
Public Library of Science, Web of Science, 
Scopus, CINAHL, ScienceDirect, and Google 
Scholar. Hand-search may be a useful adjunct, 
especially for articles published before 1991, 
when there was no indexing term for randomized 
trial in PubMed. Factors to be considered when 
planning a systematic search commonly include 
year of publication and language (usually English 
and the reviewers’ mother tongue). Standardized 
terms, such as MeSH for PubMed and EMTREE 
for EMBASE, together with Boolean operators 
(AND, OR, and NOT) may help the search.

The systematic search typically provides hun-
dreds of citations that must be screened for eligi-
bility. This screening should be performed 
possibly by two independent readers with discor-
dances solved by arbitration from a third reader. 
The initial screening typically proceeds by read-
ing only the title and the abstract of all articles 
retrieved by the systematic search. At a second 
step, those articles passing the initial screening 
for eligibility should be read in full for a final 
application of the eligibility criteria.

Appraisal of quality of the analyzed studies. 
The extent to which a SR can draw conclusions 
on the effects of an intervention or diagnostic 
technique depends on the quality of the analyzed 
studies. The validity of a study may be consid-
ered as having two dimensions. The first dimen-
sion is whether the study is focused on an 
appropriate research question that relates to a 
clear application or population. This is often 
referred to as external validity and is closely con-
nected with its applicability and generalizability 
(that is, whether the study findings apply or trans-
fer beyond the specific study setting). The second 
dimension is whether the study answers its clini-
cal question correctly, i.e., free from biases, 

11 Systematic Reviews, Meta-Analyses, and Cost-Effective Analyses on Breast MRI Screening…



174

described as internal validity, the only dimension 
appraised when conducting a SR [16]. Several 
tools have been proposed to assess the risk of bias 
(that is a more appropriate way to indicate the 
appraised quality), most of them in the form of 
checklists. The most used tool for assessing the 
risk of bias of studies dealing with diagnostic 
accuracy is the revised QUality Assessment of 
Diagnostic Accuracy Studies (QUADAS-2) [17]. 
Formal statistical methods to mathematically 
weight studies for their risk of bias are not well 
developed yet. The simplest and most used way 
to incorporate the risk of bias in results is just to 
analyze all studies and present a description of 
the risk of bias.

Quantitative synthesis of data. Once the sys-
tematic search of sources has been conducted and 
articles for analysis have been selected, data that 
are relevant to the SR are extracted from each of 
them. As for the systematic search, this step 
should be performed by two independent review-
ers with arbitration. Extracted data include, of 
course, the main endpoints (e.g., the rate of sur-
vived patients, the sensitivity and specificity of a 
diagnostic technique) plus any study characteris-
tics (covariates) such as year of publication, the 
number of patients, technical issues, and proto-
cols that might impact the results, or might 
account for some of the clinical heterogeneity. 
These data are then entered in an electronic data-
base to be meta-analyzed.

Here we briefly present the main characteris-
tics to allow the reader to interpret the results 
reported in the next paragraphs of this and in the 
other chapters. For a deeper insight on this mat-
ter, we refer the reader to the already suggested 
readings [3, 4].

A MA provides a weighted mean of the end-
point extracted from all included studies. To do 
so, some conditions must be verified. In particu-
lar, we need to know whether or not the endpoint 
is consistent across studies. If it is consistent, 
then we want to estimate the mean endpoint as 
accurately as possible and to report that it is a 
robust estimation. On the other hand, if the end-
point varies substantially from study to study, we 
want to quantify the extent of this variance and 
consider the implications. A MA is able to 
address these issues, whereas a narrative review 
is not.

The most commonly used format to report the 
results of each study and that of the MA is the 
so-called forest plot. We use here an example of a 
forest plot taken from Chap. 21 of this book 
(Fig. 11.1).

In this case, the table inside the figure lists in 
chronologic order the eight articles that matched 
the inclusion criteria of a SR on the sensitivity of 
screening MRI in women with a personal history 
of breast cancer (BC). Articles are identified with 
the name of the first author and the year of 
 publication in the first column on the left side. 

Model Study name Statistics for each study Event rate and 95% CI
Event
rate

Fixed

Brennan 2010
Berg 2012
Gweon 2014
Weinstock 2015
Lehman 2016
Cho 2017
Kim 2017
Park 2018

0.972
0.750
0.833
0.846
0.800
0.882
0.818
0.750
0.835

0.678
0.238
0.523
0.549
0.572
0.632
0.493
0.238
0.742

0.998
0.966
0.958
0.961
0.923
0.970
0.954
0.966
0.899

2.479
0.951
2.078
2.218
2.480
2.677
1.924
0.951
5.612

0.013
0.314
0.038
0.027
0.013
0.007
0.054
0.341
0.000

17/17
3/4

10/12
11/13
16/20
15/17
9/11
3/4

Lower
limit

Upper
limit Z Value p Value Total

0.00 0.50 1.00

Fig. 11.1 Forest plot of the meta-analysis reported in 
Chap. 21 of this book, showing eight studies reporting 
sensitivity of breast MRI in women with personal history 
of breast cancer. Note that the event rate for the first study 

(Brennan 2010) for a sensitivity of 17/17 (per-woman 
analysis) is 0.972 instead of 1.000 due to a correction fac-
tor applied to extreme values, i.e. those close to 0.000 and 
1.000. See text for other explanations
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The  following columns report statistics for each 
study, from left to right: the extracted endpoint 
(event rate, here sensitivity); the lower and upper 
limits of this event rate, calculated as 95% confi-
dence interval (CI); the z value (i.e., for each 
event rate, the number of standard deviations 
from the mean value of the reference population 
of the study); the p value, which indicates, for 
each study, the probability that the reported sen-
sitivity is different from 0.500, i.e., better than a 
50% distribution of true negatives and false nega-
tives; the Total column, showing the numerator 
(true positives) and the denominator (all women 
with a BC, sum of true positives and false nega-
tives) of sensitivity. On the right side, a graph 
shows a visual representation of data reported in 
the columns. In particular, squared dots indicate 
the point estimate in the scale used for MA, 
whose size is proportional to the number of 
patients enrolled by each study. The horizontal 
line represents the 95% CI associated to each 
endpoint, whose width is also an indirect mea-
sure of the study sample size (the larger the inter-
val, the smaller the study sample, and the larger 
the uncertainty around the estimate). In the last 
row, we see the pooled endpoint (or pooled esti-
mate) reported as a weighted mean of all included 
studies (a sensitivity of 0.835) together with its 
95% CI (0.742–0.899). The pooled endpoint is 
shown in the graph as a diamond-like symbol, 
whose width reflects its 95% CI (much narrower 
than that of each study), indicating the increased 
precision of the pooled sensitivity estimate (and 
less uncertainty around that pooled estimate). On 
bottom-left, the term fixed indicates which of the 
two main statistical methods is used to calculate 
the weights for each study when calculating the 
weighted mean of all endpoints. It refers to the 
so-called fixed-effect model, which only consid-
ers the study sample size to calculate study 
weights. The other meta-analytic technique uses 
the so-called random-effect model, which also 
considers the heterogeneity across studies [18].

Heterogeneity is worthy of further consider-
ations. As said earlier, when working with a col-
lection of different studies, we must verify 
whether or not the endpoint is consistent (homo-
geneous) across the studies. In the example of 

Fig.  11.1, the sensitivity ranges from 0.750  in 
both the studies by Berg 2012 and Park 2018 to 
1.000  in the study by Brennan 2010 (the forest 
plot reports 0.972 due to a correction factor, as 
also explained in the figure legend), with some 
variation between these two boundaries. This 
variation is referred to as data heterogeneity and 
it reflects the combined effect of two sources: (1) 
sampling error and (2) actual differences among 
the experiments conducted by the different 
authors. The former is unavoidable but should be 
small in principle if all studies have been per-
formed in exactly the same fixed conditions 
(hence the use of the fixed-effect model: all stud-
ies have measured the same thing). The latter, 
instead, is associated with real random differ-
ences in the experiment conditions, inclusive of 
clinical or setting variability. For example, some 
of the studies may evaluate patients that are 
younger or healthier than those evaluated in other 
studies, some may have used 1.5-T MRI units 
while others 3-T  units, some may have used 
0.1  mmol/kg of contrast material while others 
0.2 mmol/kg, etc. Thus, a high heterogeneity is 
an indication of the fact that the analyzed studies 
do not really measure the same sensitivity but 
rather a random distribution of all possible sensi-
tivities (hence the use of the random-effect model: 
the studies may have measured different things).

Heterogeneity is typically quantified using the 
I2 coefficient, which is a measure of how much of 
the observed variability is due to real differences 
among the studies. For example, an I2 of 70% 
would practically mean that the studies are likely 
different from one another, with their endpoints 
potentially reflecting different things. Calculating 
a pooled endpoint where such heterogeneity 
exists could be considered questionable. 
However, especially when studies of diagnostic 
tests are reviewed, this does not preclude meta- 
analysis as long as appropriate methods are used 
to allow for, and to possibly explore sources of, 
heterogeneity between studies, as well explained 
in the Chap. 10 of the Cochrane Handbook for 
Systematic Reviews of Diagnostic Test Accuracy 
[18]. Indeed, the above-mentioned random-effect 
model is a statistical technique that assigns 
weights to meta-analyzed studies considering 
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also heterogeneity other than the study sample 
size. However, before proceeding with the calcu-
lation of the pooled endpoint using the random- 
effect model, when I2 is large (50% is a commonly 
used threshold, although empiric in nature) an 
effort to explain (understand the source of), het-
erogeneity should be made by means of subgroup 
analysis or meta-regression. These two latter sta-
tistical techniques are used to investigate the 
effect on the endpoint of categorical covariates 
(e.g., 1.5-T versus 3-T magnets, ductal versus 
lobular carcinoma) and continuous covariates 
(e.g., lesion size, patients age), respectively. 
Substantially, exploring heterogeneity among 
studies using such analytic methods allows iden-
tification of issues that clarify differences in 
results among studies. For example, a MA of 
MRI in the detection of multifocal disease found 
that the quality of the reference standard was 
 significantly associated with differences in the 
reported accuracy of MRI across studies [19].

One final remark is specifically needed for 
SR&MA of diagnostic test accuracy, which 
requires even more complex statistical techniques 
compared to SR of interventions. This is essen-
tially due to the paired nature of sensitivity and 
specificity as combined measures of diagnostic 
accuracy: in general, the higher the sensitivity for 
a given disease/condition, the lower the specific-
ity, and vice versa. This means that they are 
related to each other (there is a trade-off between 
these measures) and not independent measures. 
As a consequence, we cannot simply perform a 
MA of sensitivity and, separately, a MA of speci-
ficity. Instead, a bivariate model such as that pro-
posed by J.B. Reitsma and coworkers [20] must 
be used, which allows the reviewers to handle 
both sensitivity and specificity contemporarily. 
Suggested reading on this topic is again Chap. 10 
of the Cochrane Handbook for Diagnostic Test 
Accuracy [18].

Individual patient (or participant) data MAs. 
Differently from standard study-level MAs we 
have considered above, in IPD-MAs line-by- line 
data of each patient are collected from each study, 
instead of just the usual aggregate data. Thus, we 
can consider standard MAs as aggregate data 
MAs (AD-MAs). The IPD approach allows the 

reviewers to define interventions, comparisons, 
and outcomes consistently across studies, and to 
adjust for the same confounders, reducing the 
heterogeneity [21]. Of course, to collect IPD is 
not an easy task, also because, in the majority of 
cases, IPD will be available only if the authors of 
each study accept the practice of data sharing, 
implying the need to use a common agreed for-
mat that will make this analysis possible [22]. 
Importantly, IPD-MAs also require specialized 
statistical skills such as those regarding the 
choice between the one-stage approach (analyz-
ing IPD from all studies simultaneously) or the 
two-stage approach (deriving AD from each 
study separately and then performing a standard 
AD-MA) [23]. IPD-MAs are becoming more and 
more popular [23], but a recent review of the lit-
erature [24] showed that similar results and con-
clusions can be obtained using either the IPD-MA 
or the standard AD-MA approach. As a conse-
quence, before initiating a resource-demanding 
IPD-MA, a standard AD-MA should initially be 
explored.

Advantages and limitations of SR&MAs. From 
what discussed in the previous paragraphs, the 
advantages of SR&MAs should have become 
clear to the reader: they summarize the available 
literature on a given topic, weighting studies 
according to their quality in a transparent way 
and offering a quantitative pooled estimate of one 
(or more) end-point that represents a more pre-
cise and higher level of evidence in comparison 
with that provided by each original study. The 
meta-analytic approach can also represent a rea-
sonable alternative to the performance of a new 
large prospective study, with its costs and the 
long time needed for obtaining the results (espe-
cially in the case of survival data); it is also the 
only way for the case of rare diseases (where 
individual studies have great difficulties in reach-
ing an acceptable statistical power).

However, limitations of SR&MAs should also 
be taken into account. One of them is given by 
the potential so-called publication bias (studies 
reporting statistical significances are more prob-
ably published than studies not reporting statisti-
cal significance) so that the sum of results may 
reinforce the bias. However, the risk of publica-
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tion bias may be evaluated using specific statisti-
cal techniques, as one of the results of the 
SR&MA.  Other limitations are inherent to the 
nature of any SRs, even when they are performed 
according to appropriate methodology, and 
should be considered. First, the reliability of a 
SR&MA is dependent on the quality of the 
included studied, in particular on the quality of 
the largest ones [25]. This can de facto lead to a 
number of inconclusive SR&MAs, as noted in a 
specific field such as pediatric cardiology [26]. 
Second, a SR&MA, considering the time needed 
for selection of studies, data extraction/collec-
tion, data analysis, manuscript drafting, etc., up 
to publication introduces a relatively long time 
interval (usually more than 1 year) before the last 
study is included and the publication of the 
SR&MA. However, when considering the date of 
all included studies, a SR&MA may represent the 
summary of a relatively old evidence, not that of 
the state-of-the art of medical tools recently 
developed or refined. In other words, SR&MAs 
are a conservative approach in terms of 
EBM. This affirmation implies that they cannot 
take into account the most recent developments. 
The good side of this limitation is the following: 
when a medical innovation is positively evalu-
ated by a SR&MA on the basis of a relatively 
large application by multiple primary studies, we 
have a robust factor in favor of its practical appli-
cation [6].

11.5  MRI for Screening High-Risk 
Women: Secondary Evidence 
on Diagnostic Performance

A list of eight articles that summarized the evi-
dence on diagnostic performance of breast MRI 
as a screening tool in high-risk women, including 
six formal MAs, is presented in Table 11.3.

A first attempt to summarize studies on MRI 
for screening high-risk women was published 
online on 29 September 2006 (and printed in 
April 2007) by Francesco Sardanelli and Franca 
Podo [27]. Even though it was not a formal 
SR&MA, this review showed, on the basis of five 
studies and 3,571 screened women, that the sen-

sitivity of MRI was more than double (82%) in 
comparison to that of mammography (40%) and 
that the rate of interval cancers observed in those 
multimodal screening studies was reduced to 
approximately 5%; the positive predictive value 
(PPV) of mammography (47%) and MRI (53%) 
was comparable, while that of clinical breast 
examination (CBE) and ultrasound (US) was 
lower (33% and 18%, respectively).

In 2007, the American Cancer Society updated 
the guidelines for BC screening in relation to risk 
levels. Saslow and coworkers [28] reported data 
from six studies, including data only from the 
first report of the Italian study (published in 
2002) and retrospective data published by the 
International Breast MRI Consortium (mainly by 
the United States). These data, although still lim-
ited, were considered enough for recommending 
in favor of annual MRI as an adjunct to mam-
mography in women with an approximately 
20–25% or greater lifetime risk (LTR) of BC, 
including women with a strong family history of 
breast or ovarian cancer and women who were 
treated for Hodgkin disease (who underwent tho-
racic radiation therapy, see Chap. 14). The basis 
for this recommendation by the expert panel was 
the combination of the large gap in sensitivity 
between MRI (77–100%) and either mammogra-
phy or US (16–40%) joined to an acceptable MRI 
specificity (81–99%).

Later in 2007, Sarah J.  Lord and coworkers 
[29] published the first systematic AD-MA 
including data from five prospective studies total-
ing 2,059 high-risk women and about 4,500 
screening events. They found that the addition of 
MRI provided a higher sensitivity (93–100%) 
compared to mammography alone (25–59%) or 
mammography combined with US or also CBE 
(49–67%). The incremental sensitivity of MRI 
was 58% when compared to mammography 
alone, 44% when compared to mammography 
plus US. The authors observed a three- to fivefold 
higher risk of patient recall for false positives 
when MRI is added to mammography-alone 
results. The included studies did not provide 
strong evidence that MRI allowed an earlier dis-
ease diagnosis. Thus, the authors concluded that 
the effectiveness of MRI therefore depends on 
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assumptions about the benefits of early detection 
from trials of mammographic screening in older 
average risk populations.4

In 2008, Ellen Warner and coworkers [30] 
published a second AD-MA considering 11 stud-
ies totaling 4,983 women and approximately 
10,000 screening events. The particular contribu-
tion of this work was the evaluation of the differ-
ences in performance between mammography 
and MRI when considering different thresholds 
for test positivity. As expected, when 
BI-RADS  ≥  3 was considered as positive for 
both mammography and MRI, sensitivities were 
slightly higher and specificities lower than when 
only BI-RADS ≥ 4 was considered as positive; 
however, the gap in sensitivity in favor of MRI 
remained over 30% (see Table  11.3). These 
authors also calculated the summary positive 
likelihood ratio (PLR) and negative likelihood 
ratio (NLR) for both mammography and MRI, 
again considering the two above-mentioned 
thresholds (Table 11.4). Of note, MRI had a two- 
to threefold higher capability of reducing the 
post-test probability of cancer, in the case of a 
negative result of the test, when compared to 
mammography; combining MRI and mammog-
raphy, the NLR was further approximately 
halved. On the other hand, the MRI- 
mammography combination did not increase the 
PLR in comparison to MRI alone.

Also, in 2008, Elon J. Granader and coworkers 
[31] meta-analyzed eight studies totaling 4,331 
women and 9,000 screening events. Again, a very 
large overall difference in estimates of sensitivity 
between mammography (38%) and MRI (97%) 
was observed (Table 11.3). Focusing on only the 
three studies judged to have level 2b evidence, they 
could distinguish very high-risk women (BRCA1/2 
mutation carriers and their first-degree relatives) 
from women at increased risk without known 
BRCA1/2 mutations. For the very high-risk subset, 
they reported a pooled sensitivity of 33% for mam-
mography, 84% for MRI, and 93% for their combi-
nation as well as a pooled specificity of 95%, 90%, 

4 The reader can find an extended discussion on the impact 
of breast MRI high-risk screening on patient outcome in 
Chap. 13.

and 86%, respectively. For the increased-risk sub-
set, the same data were 41%, 81%, 95% and again 
95%, 90%, 86%, respectively. In other words, the 
risk level did not substantially influence the diag-
nostic performance of the two tests, even though 
the difference in sensitivity seemed to be larger for 
very high-risk women.

Insightful contributions came from three MAs 
integrating IPD from six prospective studies pub-
lished from 2005 to 2015, all of which were per-
formed by the same international research group, 
as described below.

In 2015, Xuan-Anh Phi and coworkers [32] 
explored potential differences in diagnostic per-
formance in relation to high-risk women age. The 
relevant question was the following: is the differ-
ence in sensitivity between MRI and mammogra-
phy still relevant after menopause? Due to the 
known higher sensitivity of mammography in the 
presence of fatty breasts rather than in dense 
breasts, a reduced gap between the two tests 
could be hypothesized, suggesting to stop MRI 
screening after 50. However, two other factors 
argue against this hypothesis: the general higher 
breast density in high-risk women and the pro-
pensity of BCs in this subset of women, espe-
cially in BRCA1 mutation carriers, to exhibit 
false benign characteristics, i.e., regular round 
border, absence of spiculations or microcalcifica-
tions. Thus, only a subgroup analysis by age 
stratification, as can be easily enabled by the IPD 
approach, could investigate this issue. The results, 
based on 1,514 BRCA1/2 mutation carriers with 
140 BCs in the subgroup of women below 
50 years of age and 437 BRCA1/2 mutation carri-
ers with 43 BCs in the subgroup aged 50 and 
older, were very clear: the sensitivity of mam-
mography was 40% and 38%, that of MRI 93% 
and 96%, respectively, with specificities ranging 
from 79% to 86% (see Table 11.3). Of note, in 
women aged 50 or older, combining MRI and 
mammography significantly increased screening 
sensitivity compared with mammography alone 
(94% versus 38%) but the two tests combined 
were not significantly more sensitive than MRI 
alone (94% versus 84%).

This IPD-MA provided new important evi-
dence, suggesting not to stop MRI screening in 
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BRCA mutation carriers after 50  years of age. 
The authors concluded that the addition of MRI 
to mammography for screening BRCA1/2 muta-
tion carriers aged ≥ 50 years improves screening 
sensitivity by a magnitude similar to that observed 
in younger women and that limiting screening 
MRI in BRCA1/2 carriers at age 50 years should 
be reconsidered.

Another relevant issue was to better explore 
the possible differences in diagnostic perfor-
mance of diagnostic breast imaging modalities 
between BRCA1 and BRCA2 mutation carriers, 
with the specific aim to define the contribution of 
mammography when both tests are used, taking 
age into consideration. The underlying idea was 
to evaluate whether, considering the very high 
MRI sensitivity, the adjunct of mammography to 
MRI was needed or not. In 2016, Xuan-Anh Phi 
and coworkers [33] faced this new question using 
IPD from the same six studies already meta- 
analyzed in 2015 [32]. The subgroup analysis 
allowed by the IPD approach (see Table  11.3) 
showed that, considering BRCA1/2 mutation car-
riers of all ages, adding mammography to MRI 
did not significantly increase sensitivity. 
However, the marginal increase in sensitivity by 
mammography was only 4% in BRCA1 and 13% 
in BRCA2 women, and in women with BRCA2 
mutation aged 40 or younger, one-third of BCs 
were detected by mammography only. This was 
due to the MRI sensitivity in high-risk women 

aged ≤40, reduced from 78% in BRCA1 mutation 
carriers to 53% in BRCA2 mutation carriers, 
while mammography showed an inverted trend of 
sensitivity (39% and 53%, respectively). Data on 
age over 40 were more stable: mammography 
sensitivity from 34% to 46%; MRI sensitivity 
from 85% to 93%.

The observed differences were made clear 
using the number of screens needed (NSN) 
approach. In fact, NSN for mammography to 
detect one BC not detected by MRI was much 
higher for BRCA1 compared with BRCA2 muta-
tion carriers at first and repeat screening events. 
In particular, under the age of 40, NSN for mam-
mography to detect one BC not detected by MRI 
was 278 for BRCA1 versus 55 for BRCA2 at the 
first screening event, 775 versus 141 at repeat 
screening event (Table 11.5).

The authors concluded that the additional 
detection from mammography in BRCA1 muta-
tion carriers who receive MRI screening is mini-
mal and might not outweigh potential 
disadvantages (potential cancer induction by 
radiation, false-positive results) and that it may 
be reasonable to consider potential omission of 
mammography screening in BRCA1 mutation 
carriers or to open discussion on its potential 
omission given its limited contribution. 
Conversely, in BRCA2 mutation carriers, the 
contribution of mammography above MRI is 
more evident, so different screening recommen-

Table 11.4 Summary positive and negative likelihood ratios of mammography, MRI, and their combinations, as 
reported by Warner et al. [30]

Number of 
studies

Screening 
events

Number of 
cancers

Positive likelihood 
ratio (95% CI)

Negative likelihood 
ratio (95% CI)

Mammography (LT) 4 6,678 108 8.7 (4.4–17.5) 0.64 (0.55–0.75)
Mammography (HT) 7 8,818 178 24.8 (11.6–53.0) 0.70 (0.59–0.82)
MRI (LT) 5 6,719 109 4.2 (3.0–5.9) 0.29 (0.21–0.41)
MRI (HT) 8 8,857 178 16.6 (11.1–25.0) 0.22 (0.12–0.43)
Mammography and 
MRI (LT)

3 2,509 63 4.1 (3.6–4.7) 0.09 (0.04–0.23)

Mammography and 
MRI (HT)

5 4,272 115 16.4 (11.1–24.1) 0.14 (0.05–0.42)

Data from Warner et al. [30]
CI confidence interval, LT low threshold (the test was considered positive for cases assigned BI-RADS ≥3); HT high 
threshold (the test was considered positive for cases assigned BI-RAD ≥4). Note that, with the only exception for the 
negative likelihood ratios for both tests with LT, all the likelihood ratios were associated with considerable significant 
statistical heterogeneity
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dations for these two groups of women defined by 
BRCA mutation status should be considered.5

In 2017, the same group, using the same 
database, published a third IPD-MA [34] assess-
ing the diagnostic performance of MRI screen-
ing women at familial risk of BC without a 
known gene mutation. In fact, this subset of 
high-risk women had remained not sufficiently 
investigated due to the heterogeneity of popula-
tion samples of the individual studies, frequently 
mixing BRCA mutation carriers with cases of 
BC family history without proven deleterious 
mutation, also with a relatively low LTR. Using 
again the  database of the six studies already 
obtained for the previous two IPD-MAs [32, 
33], also for this category of high-risk women 
the gap between the sensitivity of mammogra-
phy (from 51% to 67%, across different age 
ranges) and that of MRI (from 86% to 92%, 
across different age ranges) was confirmed, 
even though it was very large (plus 41%) for age 
up to 40 (additional sensitivity from MRI above 
that from mammography), intermediate for age 

5 The reader can find further material on the possibility to 
use breast MRI only for screening high-risk women and 
on the risk of radio-induced BCs in this particular popula-
tion in Chaps. 9 and 10 and in Chap. 12, respectively.

41–50 (plus 35%), and limited to “only” 19% 
over 50. Considering all ages, sensitivity was 
55% for mammography and 89% for MRI, 
while specificity was 94% and 83%, respec-
tively; adding MRI to mammography signifi-
cantly increased sensitivity to 98% but 
significantly lowered specificity to 79% in com-
parison to mammography alone. The authors 
concluded that in women with strong familial 
BC risk but without a known gene mutation add-
ing MRI to mammography substantially 
increased screening sensitivity with a tradeoff in 
terms of specificity. They also said that MRI 
screening alone may be appropriate for these 
women but that comparative accuracy studies 
need to be complemented by health-economic 
cost-effective analyses.

11.6  MRI for Screening High-Risk 
Women: Cost-Effective 
Analyses

A number of CEAs of breast MRI for screening 
in high-risk women were published in the last 12 
years [35–41]. Their results are summarized in 
Table 11.6.

Without entering into the details, we can gen-
erally say that cost-effectiveness of breast MRI 
screening in terms of cost related to gained 
quality- adjusted life years (QALYs) depends on 
disease prevalence and age ranges. The higher 
the LTR of BC and younger the age of the woman 
(starting from 25), the better the cost-effective 
ratio. This means that:

• The cost-effectiveness of breast MRI is higher 
for screening BRCA1/2 mutation carriers than 
for women with BC family history with lower 
LTR levels (or, of course, with average BC 
risk) [35, 36, 38].

• Breast MRI is more cost-effective for screen-
ing BRCA1 than BRCA2 mutation carriers 
[35].

• A high-risk screening strategy that differenti-
ates the use of MRI and mammography 
according to age ranges may be more cost- 
effective than a yearly MRI plus mammogra-
phy generalized strategy from age 25 [39].

Table 11.5 Number of screens needed (NSN) for one 
MRI-missed and mammography-detected cancer in 
BRCA1 or BRCA2 mutation carriers who undergo both 
tests annually, stratified by age and first or repeat screen-
ing events

Mutational status, 
age range

NSN (first 
screening event)

NSN (repeat 
screening events)

BRCA1, 
≤40 years

278 775

BRCA1, 
41–50 years

Na 797

BRCA1, 
>50 years

Na 578

BRCA1 all ages 527 717
BRCA2, 
≤40 years

55 141

BRCA2, 
41–50 years

204 222

BRCA2, 
>50 years

139 430

BRCA2, all ages 94 231

Data from Phi et al. [33]
Na not available, as no cancers was detected at first event 
in these subgroups
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However, several studies highlighted the key 
role of the cost of the MRI in determining cost- 
effectiveness [36, 37, 40, 41]. According to Susan 
G.  Moore and coworkers [37], MRI screening 
becomes lower than USD 50,000/QALY when the 
MRI cost was lower than 315 USD, a cost very 
close to the reimbursement practiced by European 
public healthcare systems. Reka Pataky and 

coworkers [40] calculated that as the cost is 
increased from USD 200 to USD 700 per scan, 
the incremental cost-effectiveness ratio ranges 
from USD 37,100/QALY to USD 133,000/QALY.

Thus, considering that the cost or, better to 
say, the amount of money paid for a breast MRI 
is quite different in different countries, cost- 
effectiveness of breast MRI screening is variable. 

Table 11.6 Summary of studies on cost-effectiveness of breast MRI for screening high-risk women

First author, 
year, country 
[reference] Methods Results Conclusions
Plevritis, 
2006, USA 
[35]

Model of life histories of 
BRCA1/2 MCs, incorporating 
effects of MAM/MRI screening 
based on published data. 
Survival without screening based 
on prescreening SEER database, 
adjusted for adjuvant therapy. 
Utilization/costs based on 
literature and Medicare in 2005

Screening with annual MRI and 
MAM implies a cost per QALY 
gained ranging 45,000–700,000 
USD, depending on age and BRCA 
mutation. The cost per QALY gained 
by adding MRI to MAM alone for 
age 35–54 is 55,420 USD for 
BRCA1 MCs, 130,695 USD for 
BRCA2 MCs, and 98,454 US for 
BRCA2 MCs with dense breasts

Breast MRI is more 
cost-effective for BRCA1 
than BRCA2 MCs. The 
cost-effectiveness of 
adding MRI to MAM 
varies greatly by age

Griebsch, 
2006, UK 
[36]

Based on data from the 
MARIBS study: 649 high-risk 
women aged 35–49 screened 
with MRI and MAM, totaling 
1,881 screens

For all women, the incremental cost 
per cancer detected with MRI plus 
MAM was £ 28,284 compared to 
MAM alone. For only BRCA1/2 
MCs, the cost was £ 11,731 (MRI 
versus MAM) and £ 15,302 (MRI 
plus MAM versus MAM). Results 
were most sensitive to cost estimate 
for an MRI test.

Contrast-enhanced MRI 
might be a cost-effective 
screening modality for 
women at high risk, 
particularly for BRCA1 and 
BRCA2 subgroups

Moore, 2009, 
USA [37]

The Markov model to compare 
annual screening over 25 with 
either breast MRI or MAM, 
based on published studies and 
costs according Medicare and 
U.S. Federal Supply Scale. Costs 
and benefits discounted at 5%/
year

Breast MRI provided 14.1 QALYs at 
2006 USD 18,167 while MAM 
provided 14.0 QALYs at a cost of 
USD 4760 over 25 years of 
screening. In univariate analysis, 
MRI screening became lower than 
USD 50,000/QALY when the MRI 
cost was lower than USD 315

Breast MRI may provide 
health benefits when 
compared to MAM, but it 
does not appear to be 
cost-effective even at 
willingness-to-pay 
thresholds above $120,000/
QALY

Taneja, 2009, 
USA [38]

Model to depict the effect of 
MRI and/or MAM screening for 
cohorts of 10,000 BRCA1/2 MCs 
and other high-risk women

Among the 400 of 10,000 BRCA1/2 
MCs diagnosed with BC, 361 cases 
would be detected with MRI and 
MAM, 290 with MRI alone, and 160 
with MAM alone. False positives 
would total 1,526, 1,190, and 528, 
respectively. Cost per QALY gained 
with MRI + MAM compared with 
MAM alone was USD 25,277 for 
BRCA1/2 MCs. For other high-risk 
women, this cost per QALY gained 
varied depending on cancer 
prevalence from USD 45,566 to 
$310,616. The cost-effectiveness of 
MRI alone compared with MAM 
alone was similar

In BRCA1/2 MCs, MRI 
screening, alone or 
combined with MAM, is 
cost-effective by current 
standards compared with 
MAM alone. In other 
high-risk women, MRI 
screening may also be 
cost-effective, depending 
on the expected prevalence 
of undiagnosed BC at the 
time of screening

(continued)
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Table 11.6 (continued)

First author, 
year, country 
[reference] Methods Results Conclusions
de Bock, 
2013, The 
Netherlands 
[39]

Simulation model for BRCA1 
and BRCA2 MCs, with 
outcomes/costs from published 
and registry data. Simulation 
situated in the Netherlands and 
in the UK, comparing Dutch 
strategy (age 25–30, MRI every 
year; 30–60, MRI + MAM every 
year; 60–75, MAM every 
2 years), UK strategy (age 
30–50, MRI+ MAM every year; 
50–70, MAM every 3 years), and 
USA strategy (all ages, 
MRI + MAM every year), with 
the population screening as a 
reference. Discount rate 3%

The most cost-effective was the 
USA strategy, followed by the Dutch 
and the UK, with small differences. 
Applying the USA strategy in the 
Netherlands, the costs were €43,800 
and 68,800 for an additional 
life-year gained for BRCA1 and 
BRCA2, respectively. At a threshold 
of €20,000 per life-year gained, 
implementing the US strategy in the 
Netherlands has a very low 
probability of being cost- effective. 
Stepping back to the less-effective 
UK strategy would save relatively 
little in costs and results in life-years 
lost. When implementing the 
strategies in the UK, Dutch and USA 
strategies have a high probability of 
being cost-effective

From a cost-effectiveness 
perspective, the Dutch 
screening strategy is 
preferred for screening 
high-risk women in the 
Netherlands as well as in 
the United Kingdom

Pataky, 2013, 
Canada [40]

The Markov model of annual 
MRI and MAM screening for 
BRCA1/2 MCs, using local data 
and published values

The ICER of annual MAM plus 
MRI screening, compared to annual 
MAM alone, was USD 50,900/
QALY. MRI screening is expected to 
be cost-effective, 86% of the time at 
a willingness-to-pay of USD 
100,000/QALY, and 53% of the time 
at a willingness-to-pay of USD 
50,000/QALY. The model is highly 
sensitive to the cost of MRI; as the 
cost is increased from USD 200 to 
USD 700 per scan, the incremental 
cost- effectiveness ratio (ICER) 
ranges from USD 37,100/QALY to 
USD 133,000/QALY

The sensitivity of the 
results to the cost of the 
MRI warrants 
consideration: With high 
MRI costs, screening may 
not be cost-effective, but 
improving the MRI 
screening efficiency will 
also improve 
cost-effectiveness

Ahern, 2014, 
USA [41]

Microsimulation model to 
generate life histories for 
different risk profiles. Twelve 
screening strategies combining 
annual or biennial MRI with 
MAM and CBE in intervals of 
0.5, 1, or 2 years versus without, 
and reported ICERs. Discount 
rate 3%

Based on an ICER threshold of USD 
100,000/QALY, the most cost-
effective strategy for women at 25% 
LTR was to stagger MRI and MAM 
plus CBE every year from age 30 to 
74, yielding ICER USD 58,400 
(compared to biennial MRI alone). 
At 50% LTR and with 70% 
reduction in MRI cost, the 
recommended strategy was to 
stagger MRI and MAM plus CBE 
every 6 months (ICER USD 84,400). 
At 75% LTR, the recommended 
strategy is biennial MRI combined 
with MAM plus CBE every 
6 months (ICER USD 62,800)

The high costs of MRI and 
its lower specificity are 
limiting factors for annual 
screening schedule of 
MRI, except for women at 
sufficiently high risk

MAM mammography, MRI magnetic resonance imaging, SEER surveillance, epidemiology and end result, QALY 
quality- adjusted life-year, USD United States dollars, MC mutation carrier, CBE clinical breast examination, LTR life-
time risk, ICER incremental cost-effectiveness ratio
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Paradoxically, we observe the highest cost of 
breast MRI in the USA, where its use as screen-
ing tool is not only recommended for high-risk 
women (with the 20% LTR threshold, without 
any age limitation [39]) but also recently open to 
the large category of the so-called women with a 
higher-than-average BC risk [42].6 One way to 
solve this problem is the adoption of abbreviated 
protocols for contrast-enhanced breast MRI, as 
discussed in Chap. 4. However, as done for mam-
mography in organized population-based screen-
ing programs, the cost of any test, including 
breast MRI, could be redefined, considering that 
the probability of a true negative test is dramati-
cally higher than that in a diagnostic test in symp-
tomatic women, implying a much shorter 
reporting time.

11.7  Conclusions

To summarize, secondary studies analyzing the 
published evidence (in particular, AD-MAs [29–
31]) showed a high pooled sensitivity of breast 
MRI for screening high-risk women and a signifi-
cantly large gap in comparison to the lower 
pooled sensitivity of mammography (and also of 
CBE, and US, variably combined with mammog-
raphy, for the few studies that reported their sen-
sitivity). MRI pooled specificity, as expected for 
any high-sensitivity tool, was shown to be lower 
than its sensitivity but allowed, when considering 
a relatively high cancer prevalence (depending on 
the risk level), for acceptable PPVs. Thus, from 
the viewpoint of the diagnostic performance, 
breast MRI has been accepted and therefore rec-
ommended also in multidisciplinary and govern-
mental guidelines as a screening tool in high-risk 
women.

A peculiar contribution came from IPD-MAs. 
These studies provided evidence in favor of 
breast MRI screening of high-risk women over 
50 [32] and showed the limited value of mam-
mography as an adjunct to MRI at least for 
BRCA1 mutation carriers [33] as well as the 

6 The reader can find an extended discussion on breast 
MRI screening for the intermediate risk in Chap. 22.

value of breast MRI screening for women at 
familial risk of BC without a known gene muta-
tion [34].

Cost-effectiveness analyses [35–41] pointed 
out that the higher the risk and earlier the expected 
onset of the cancer, the higher the incremental 
cost-effective ratio of MRI added to mammogra-
phy, with the cost of the breast MRI as a key fac-
tor influencing the economic efficiency of 
MRI-including screening programs for high-risk 
women.

Notably, no secondary analysis was available 
regarding the patient outcome, due to the absence 
of randomized control trials. However, while in 
2007 [29] the effectiveness of breast MRI screen-
ing in high-risk women could be considered as 
only depending on assumptions about the bene-
fits of early detection from trials of mammo-
graphic screening in older average risk 
populations, one decade after we have some 
more data showing a positive impact of this high- 
sensitivity screening on high-risk patients’ out-
come, as extensively discussed in Chap. 13.
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Abbreviations

AT Ataxia-telangiectasia
ATM Ataxia-telangiectasia mutated
BC Breast cancer
CI Confidence interval
CXR Chest X-ray
DNA Deoxyribonucleic acid
DSB Double-strand break
HR Hazard ratio
HRS Hyper-radiosensitivity
ICRP  International Commission on 

Radiological Protection
IR Ionizing radiation
LORD Low and repeated dose effect
MN Micronucleus
OR Odds ratio
RR Relative risk

12.1  Introduction

One may consider two types of breast cancer 
(BC) susceptibility: (1) genetic susceptibility that 
corresponds to a spontaneous risk of BC observed 
in the subpopulation affected (or not) by a BC 
familial history [1]; (2) radio-susceptibility that 
reflects the radio-induced risk of BC due to the 
exposure to ionizing radiation (IR), one of the 
most carcinogenic physicochemical agents [2]. 
Hence, in the context of familial history of BC, 
an important challenge of BC screening is to 
evaluate the relative contribution of each of these 
types of risk defined above and to determine the 
best strategy for the surveillance of these women.

12.2  Genetic Susceptibility to BC

While about 5% of BCs are generally attrib-
uted to familial risk, only the mutations of 
BRCA1 and BRCA2 genes are screened rou-
tinely in high-risk families. Besides, only 15% 
of screened high- risk women were found to 
be carriers of a BRCA1 or BRCA2 mutation, 
strongly suggesting the existence of other BC 
susceptibility genes. Mutations in about ten dif-
ferent genes are supposed to be associated with 
inherited BC.  All the products of these genes 
are involved in pathways critical for genomic 
integrity [3]. BRCA1, BRCA2, CHEK2, PTEN, 
TP53 as well as ataxia-telangiectasia mutated 
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(ATM) genes are well known to be involved in 
BC predisposition. Interestingly, all the prod-
ucts of these genes act directly or indirectly on 
the response to deoxyribonucleic acid (DNA) 
double-strand breaks (DSBs).

The relative risk (RR)1 of BC may range from 
14 to 33  in BRCA1 mutation carriers and from 
10 to 20  in BRCA2 mutation carriers compared 
to the general population risk [1]. A mutation in 
CHEK2 confers a two- to threefold risk of BC 
[4, 5]. PTEN mutations lead to significant higher 
BC risk associated with rare cancer syndromes 
[6]. A germline TP53 mutation confers a very 
high risk of early-onset cancers [7]. In adults, 
the tumor distribution was characterized by the 
predominance of BCs observed in about 80% of 
the females. The TP53 mutation detection rate in 
females with BC before age 31 years was 6% [7].

Several epidemiological surveys of cancer inci-
dence in relatives of ataxia-telangiectasia (AT) 
cases were conducted, and they confirmed the 
increased risk of BC.  The bi-allelic inactivation 
of the ATM gene causes AT, a complex neurologi-
cal disease associated with a high risk of leukemia 
and lymphoma. The risk of these types of cancer 
for AT patients is about 100 times higher than in 
unaffected age-matched subjects [8]. However, a 
potentially higher risk of BC in AT homozygotes 

1 The relative risk (RR) is a metrics for comparing one risk 
to another used in prospective studies, being based on 
measures of the risk of future events (it is a real compari-
son between risks). The risk for the “exposed” subjects 
(A) is calculated as the rate of the number of “cases,” here 
the number of women diagnosed with a BC, among the 
total number of “exposed” subjects, here the total number 
of women being BRCA mutation carriers. The risk for the 
“non-exposed” subjects (B) is calculated as the rate of 
“cases,” here the number of women diagnosed with a BC, 
among the total number of “non-exposed” subjects, here 
the total number of women of the general population, 
assumed not to be BRCA mutation carriers. The RR is 
calculated as A/B, which is practically a simple ratio 
between two prospective incidences. Note that the term 
“exposed” and “not exposed” should be interpreted as the 
association or not association with any variable, here the 
presence or the absence of a deleterious BRCA mutation. 
A RR for BC of 14 in BRCA mutation carriers means that 
this risk in these woman is 14 times higher than that in the 
general female population. The RR is a real metrics of the 
future risk of an event. See the next footnotes for the defi-
nition of odds ratio and hazard ratio.

is difficult to assess due to their relatively low life 
span. Women heterozygous for ATM were esti-
mated to be 5.1 more likely to have BC than non-
carriers [8]. Nevertheless, the causality of such risk 
remains not well known: Is the BC predisposition 
directly linked to the heterozygous ATM mutation? 
Or is BC linked to previous breast radiation expo-
sures in a familial history of BC? In 1991, Swift 
and coworkers argued that women heterozygous 
for ATM, i.e., at least 1 over 100 women in the 
population, “should avoid mammography because 
of their enhanced radiogenic risk” [8].

More recently a small but significant contri-
bution of PALB2 gene (partner and localizer of 
BRCA2) mutations to the BC susceptibility was 
shown [9]. Interestingly heterozygous mutations 
of PALB2 was linked to the DSB repair pathways 
[10]. RAD51 paralog mutation also confers breast 
and ovarian cancer predisposition [11].

12.3  Radio-Induced Breast Cancer 
in the General Population

The second well-identified risk factor of BC 
in the general population is exposure to IR [2]. 
Considering radio-induced BC, there is a large 
consensus about several points [2, 12, 13]. The 
risk heavily depends on age at exposure, is very 
important before age 20, and is proven up to age 
40. The excess risk appears from about age 30. 
The minimum latent period is 10–15 years after 
initial exams. The excess risk remains up to 
50 years after exposure. Recent data highlight the 
age at menarche as a strong modifier of breast 
radiation effect which increases with decreasing 
age at menarche [14].

Because of the limits of epidemiology in 
assessing very low-dose effect, European Union 
researchers currently combine epidemiology and 
radiobiology to assess cancer risk with cumu-
lated equivalent doses on the order of 100 mSv or 
below [15]. Actually, to evaluate low-dose effects 
from cohort data in the general population, two 
fundamental limits were pointed out. Firstly, the 
direct estimation is not possible because too large 
cohorts would be required, namely, hundreds of 
thousands of women to compare exposed and 
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non-exposed cohorts [16]. Secondly, the exact 
low-dose response curve remains unknown [17].

Based on several large cohorts, repeated 
radiological exams were demonstrated to be 
associated with an increase of BC for doses 
higher than 100  mGy or about 100  mGy for 
exposures at a young age. The first type of 
cohorts concerned women exposed to fluo-
roscopy in the United States and Canada [18]. 
Estimated cumulative doses of 900  mGy were 
necessary to reveal an association with radio-
induced BCs after breast exposure in adult 
women. However, “non- exposed” control popu-
lation was defined as receiving cumulative doses 
less or equal to 100 mGy. Hence, only the com-
parison of women between 100  mGy (or less) 
and women with doses higher than 100  mGy 
was explored. Consequently, the effect of low-
dose radiation less than 100 mGy could not be 
analyzed in these studies. The second type of 
cohorts concerned women exposed to multiple 
radiographic examinations for scoliosis during 
childhood and adolescence [19, 20]. A level of 
cumulative estimated dose to the breast of about 
100 mGy was associated with an increased BC 
rate at adult age.

12.4  Radio-Induced BCs: Data 
Regarding Women with BC 
Hereditary Predisposition

Data are available only for the BRCA1 or 
BRCA2 mutation carriers. Because the BRCA1 
and BRCA2 proteins are directly or indirectly 
implicated in the cellular response to IR, there 
is evidence that some germline mutations may 
also make the carrier more susceptible to radio- 
induced BC and subsequent carcinogenesis. Due 
to the role of tumor suppressor genes in radio- 
induced DNA damage signaling and repair, 
BRCA1 and BRCA2 mutation carriers are con-
sidered to be more susceptible to radio-induced 
BC than non-carriers, as suggested by a meta- 
analysis in 2010 [21]. The radio-induced risk 
of BC after exposure to X-ray at low-doses was 
investigated in some cohorts of mutated women 
[22–28], as well as in modeled risk studies in 

relation to the effects of mammographic screen-
ing. These issues are considered below.

12.4.1  Modeled Risk

The impact of familial history on the radio- 
induced BC risk from screening mammography 
was evaluated by Amy Berrington de Gonzales 
and Gillian Reeves [29]. The underlying BC rate 
was about two to three times higher in women 
with one or two affected first-degree relatives 
than in the general population. Consequently, 
these women were estimated to have a cumula-
tive excess risk of radiation-induced BC  mortality 
approximately two and three times higher than 
the general population.

Amy Berrington de Gonzales and colleagues 
[30] published the estimation of the lifetime risk 
of radio-induced BC in BRCA1/2 mutation car-
riers by modeling consequences on mortality of 
five successive annual mammographic screen-
ing in three age ranges: 25–29, 30–34, and 
35–39. The results suggested that there would be 
no net mortality benefit from five annual mam-
mographic screening of BRCA mutation carri-
ers at age 25–29  years; the net benefit would 
be zero or small at age 30–34 years, but there 
should be some benefit at age 35 or older. This 
study was not designed to simulate the effects 
of 10–20 or more annual mammograms, when 
starting at age 25, 30, or 35, as recommended 
in most current international guidelines [31, 
32]. The cumulative effect of long-term annual 
mammography (more than five exams) was 
not assessed. Consequently, the risk of radio-
induced BC is likely to be higher than the risk 
evaluated in cohorts of mutated women who 
were exposed to a relatively lower number of 
mammograms [33–35].

12.4.2  Data from Cohorts of BRCA1 
or BRCA2 Mutation Carriers 
Exposed to X-Ray

Focusing on the effects of low-dose X-ray on BC 
risk in BRCA1 or BRCA2 mutation carriers [36], 
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we note that seven of eight studies assessed the 
effects of only one diagnostic modality, mam-
mography (n  =  3) [24, 33, 35] or chest X-ray 
(CXR) (n = 4) [22, 25, 26, 34]. Only one study 
took into account any kind of radiological breast 
exposure involving chest or shoulders, dosimetry 
variations with time period, and countries [27].

Considering the seven studies evaluating 
exposure to only one radiological modality, no 
association with BC risk was found in three of 
them [33, 34, 37]. Overall, five of eight stud-
ies demonstrated a radio-induced risk of BC for 
low doses [22, 24–27] (Table 12.1). One study 
showed a modest but significant link for BRCA1 
mutation carriers exposed to mammograms 
(adjusted odds ratio [OR]2 1.08) [24]. Three of 

2 The odds ratio (OR) is a metrics for comparing two prob-
abilities of a given event in retrospective studies, being 
based on measures of past events. The first probability (A) 
is the odds for exposition among the cases, here the num-
ber of BRCA mutation carriers exposed to mammography 
being diagnosed with BC over the number of BRCA 
mutation carriers exposed to mammography not diag-
nosed with BC. The second probability (B) is the odds for 
exposition among the controls, here the number of BRCA 

the four studies investigating the effects of only 
CXR supported an association between early 
X-ray exposure and BC risk [22, 25, 26]. Only 
one CXR study was associated with an increased 
BC risk, with a RR of 2.0 (95% confidence 
interval [CI] 1.2–2.9) before age 40, and a RR 
of 4.6 (95% CI 2.2–10.9) before age 20 [22]. By 
comparing the histories of CXR exposures by 
age-matching with non- mutated women before 
age 30, the OR for having had a CXR was 1.8 
(95% CI 1.2–2.9) [25]. In the third study, any 
exposure to CXR was associated with a signifi-

mutation carriers not exposed to mammography being 
diagnosed with BC over the number of BRCA mutation 
carriers not exposed to mammography nor diagnosed with 
BC. The odds ratio is calculated as A/B. In this case, an 
OR of 1.08 means that the rate of BRCA mutation carriers 
exposed to mammogram among the women diagnosed 
with BC (the “cases”) was 8% superior to that of the rate 
of BRCA mutation carriers not exposed to mammogram 
among the women not diagnosed with BC (the “con-
trols”). Note that when the number of cases is very low, 
the OR is very close to the RR applied in prospective stud-
ies (see note 1).

Table 12.1 Studies conducted to identify a link between diagnostic X-ray exposure and breast cancer risk among adult 
BRCA1/2 carriers

First author, year 
[reference number] X-ray procedures BC link with cumulative breast low dose Compared cohorts
Goldfrank, 2006 [24] Only mammography OR = 1.08 (p = 0.03) BRCA1/2

E/NE
Narod, 2006 [35] Only mammography Not found BRCA1/2

E/NE
Andrieu, 2006 [22] Only chest X-ray Before age 20, RR = 4.6 (95% CI 2.2–10.9)

Before age 40, RR = 2 (95% CI 1.2–2.9)
BRCA1/2
E/NE

Gronwald, 2008 [25] Only chest X-ray OR = 1.8 (95% CI = 1.2–2.9) BRCA1
versus non- mutated 
women

Lecarpentier, 2011 [26] Only chest X-ray HR = 4.29 (95% CI = 2.09–8.81) BRCA1/2
E/NE

Pijpe, 2012 [27] Any exposure 
involving chest or 
shoulders

Before age 20, cumulative dose 6.6 mGy, 
HR = 3.16 (95% CI 1.19–8.36)
Before age 30, cumulative dose 17 mGy: 
HR = 3.84 (95% CI 1.67–8.79)

BRCA1/2
E/NE

John, 2013 [34] Only chest X-ray Not found BRCA1/2
E/NE

Giannakeas, 2014 [33] Only mammography Not found BRCA1/2
E/NE

OR odds ratio, HR hazard ratio, RR relative risk, E/NE exposed cohorts vs non-exposed cohorts, NR not reported. Data 
from Colin et al. [36]
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cantly increased risk of BC, with a hazard ratio 
(HR)3 of 4.29 (95% CI 2.09–8.81) [26].

Considering all these studies involving only 
one radiological modality, designs are hetero-
geneous and results conflicting, even if most of 
them demonstrated radio-induced BC effects 
of low doses. Delivered doses were estimated 
with a standard attribution per radiological exam 
in only two of them [22, 27]. Estimated doses 
to the breast from radiological exams varied 
depending on time period and countries. These 
variations were taken into account in only two 
studies [22, 27]. In addition, survival biases [22, 
24, 25, 35] or small numbers of women [24–26, 
34] were reported. Regarding the study by Vasily 
Giannakeas and colleagues [33], we have to 
consider the following issues: results were not 
expressed in terms of dose/effect relationship; 
the cutoff was no mammogram versus one or 
more mammograms at baseline in order to com-
pare two populations; the cumulative breast dose 
per woman remains unknown with no gradient of 
exposure in mGy explored. Of note, stratifying 
the cumulative doses is an important condition 
to explore a potential association between expo-
sures and BC.

Finally, a large European retrospective cohort 
study [27] of BRCA1 and BRCA2 mutation car-
riers took into account any kind of radiological 
breast exposure involving chest or shoulders, 
dosimetry variations with time period, and coun-
tries. Anouk Pijpe and colleagues [27] considered 
an entire cohort of 1,993 BRCA1 or BRCA2 muta-
tion carriers, 48% of them (n = 919) reported to 
have had a radiogram somehow involving breast, 
33% (n = 649) reported at least a mammogram, 
and 16% (n = 280) a fluoroscopy. Only a small 
number of BRCA1 or BRCA2 carriers (<5%) were 

3 The hazard ratio (HR) is the probability of an event, i.e., 
the hazard (the instantaneous event rate), occurring in a 
group exposed to a variable divided by the hazard (the 
instantaneous event rate) of the same event occurring in a 
not exposed control group. It is typically used in the con-
text of time-to-event or survival analysis. Note that while 
the HR is based on instantaneous risks, the RR is based on 
cumulative risks. Here, a HR of 4.29 means that the haz-
ard of BC of mutated women exposed to CXR was more 
than four times higher than that of non-mutated women.

exposed to computed tomography (1.5%, n = 29) 
and/or other types of medical radiation expo-
sure such as thyroid scintigraphy (2.7%, n = 53). 
The estimated risk attributable to mammograms 
only before age 30 was not significant. The over-
all results including all radiological exposures 
revealed an increased risk of BC for low doses. A 
threefold risk of BC was observed for cumulative 
doses as low as 6.6  mGy per breast (HR 3.16, 
95% CI 1.19–8.36) before age 20. Almost a four-
fold BC risk for an estimated cumulative breast 
dose equal to or greater than 17 mGy (HR 3.84, 
95% CI 1.67–8.79) was observed before age 30 at 
exposure, with a  dose- response pattern. No asso-
ciation with BC risk was apparent for exposures 
at age up to 30, but the follow-up of this study 
was not long enough to detect a potential asso-
ciation for women exposed at ages 30–40. This 
study highlighted a fourfold BC risk for an esti-
mated cumulative breast dose about 17 mGy for 
BRCA1/2 mutation carriers. Basically, consider-
ing the levels of cumulative doses inducing BC, 
epidemiological cohort data pointed to a thresh-
old (17 mGy) 45 times lower than the threshold 
found for the adult general population (i.e., about 
900 mGy with repeated fluoroscopies).

More generally, it must be noted that all epi-
demiological studies include biases in recalling, 
self-reported procedures and lack of cumula-
tive individual breast dose estimates. While the 
radiological dose level per exam was estimated 
and standardized, no study reported an individual 
prospective dosimetry, which should require a 
huge implication of physicists for any individual 
radiological exposure.

12.5  Radiobiological Features

Differences in individual response to IR are now 
well-established with cumulative evidence for 
a higher radiosusceptible population even if all 
inherent molecular and cellular mechanisms are 
not fully elucidated [38–41]. However, some spe-
cific radiobiological assays help quantify unde-
niable differences according to the dose and the 
genetic status. Focusing on the consequences of 
screening mammography, there are concerns for 
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women with hereditary predisposition to BC. The 
analysis of radiobiologists deals with the follow-
ing issues.

 1. Mammography may concern radiosusceptible 
subpopulations. However, the recommenda-
tions issued by the International Commission 
on Radiological Protection (ICRP) do not take 
into account the fact that some individuals may 
be more susceptible to radio-induced BC [42].

 2. The phenomenon of hyper-radiosensitivity 
(HRS) to low-dose exposure suggests that a 
low-dose may produce, under certain condi-
tions, biological effects similar to those 
encountered after 10 times higher doses [43]. 
This low-dose HRS has never been considered 
in calculating the radio-induced risk.

 3. Standard two-view mammography results in 
two doses per breast separated by a few min-
utes. However, the biological effect of a repeated 
dose is not necessarily equivalent to that 
observed after the sum of the delivered doses 
[44]. No repeated dose effect was considered in 
any calculations of the radio- induced risk.

Notably, these three features of individual 
response are combined and interplay in a mam-
mogram exam.

12.5.1  Hyper-radiosensitivity to Low- 
Dose Exposure

To date, immunofluorescence techniques allow 
for detecting individual DNA damage inside 
each cell nucleus, particularly when low-dose 
exposure is used. Several studies revealed the 
existence of radio-induced DSBs and a lack of 
DNA repair at low dose [45–48]. This lack of 
DSB repair was notably shown at doses as low as 
1 mGy in non-tumoral and untransformed human 
cells [44, 49, 50].

The ATM protein kinase is a central compo-
nent of a signal transduction process that responds 
to DSB. The contribution of ATM to survival after 
IR exposure and to cancer avoidance was pointed 
out [51]. More recently a molecular explanation 
for the low-dose HRS phenomenon has been pro-

posed [52]. The ATM protein kinase is mainly 
localized in the cytoplasm as a dimeric and inac-
tive form. The cytoplasmic ATM becomes mono-
meric and phosphorylated after radiation exposure 
and quickly migrates to the nucleus where it par-
ticipates to the DSB recognition and repair. Any 
delay in ATM nucleo- shuttling is responsible for 
a lack of DSB recognition, with significant bio-
logical and clinical consequences. In the case 
of low-dose IR, the amount of monomeric ATM 
forms may be too low to recognize radio-induced 
DSBs. For some gene mutations and some indi-
vidual status, this specific HRS phenomenon may 
be particularly exacerbated: low-dose may induce 
unrepaired DSBs (then participating to cell lethal-
ity) or misrepaired DSBs (then participating to 
carcinogenesis) [52].

12.5.2  Repetition of Low Doses: 
a Supra-additive Effect

According to the current ICRP recommendations, 
the biological effects of two repeated doses are 
considered to be equivalent to the sum of the effects 
due to each dose taken separately [42]. However, 
by simulating a two-view mammogram exposure 
of ex vivo human mammary epithelium, the expo-
sures “2 + 2 mGy” at 3-min interval provided more 
deleterious DNA damage than a 2 mGy-exposure 
but, notably, also more than a single 4 mGy-expo-
sure, whatever the risk status [53]. This effect of 
low-dose repetition was called low and repeated 
dose (LORD) effect. The LORD effect was shown 
to be strongly dependent on the time interval sepa-
rating the two doses but concerns any individual 
whatever her/his radiosensitivity. If this time is not 
long enough to allow a complete DSB repair, the 
second dose may increase the severity of induced 
DNA damage [44, 54]. In addition to effects on 
mammary epithelial cells involved in carcinogen-
esis, some authors described radio-induced effects 
on the breast stroma. They suggested that repeated 
low doses disrupt the breast tissue microenvi-
ronment with fibroblast modifications, inducing 
dysregulated cell-cycle and death pathways of epi-
thelial cells, and increased cytokines and growth 
factors [55] (Fig. 12.1).
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INDIVIDUAL FACTOR EFFECT

SPECIFIC LOW-DOSE EFFECT

SPECIFIC REPETITION DOSE EFFECT

Radioresistance

Radiosensitivity

Radiosusceptibility

HRS phenomenon

LORD effect

∆t

LADI effect

Fig. 12.1 Risk after 
exposure to low-dose 
ionizing radiation: 
graphical representation 
of factors that modify 
effects. The cell nuclei are 
represented as blue disks 
(the black spots indicate 
unrepaired DSBs, and the 
gray spots misrepaired 
DSBs). The lightning 
symbol indicates ionizing 
irradiation. Radioresistant 
individuals repair DSBs 
and recover to the initial 
status. Radiosensitive 
individuals are not able to 
repair all the DSBs, so 
that a certain amount of 
DSBs remain unrepaired 
after irradiation. 
Radiosusceptible 
individuals have 
misrepaired DSBs also 
before a new irradiation; 
when irradiated, they 
misrepair the DSBs so 
that the overall number of 
DSBs increases. High 
radiosensitivity (HRS) 
results in an amplification 
of the unrepaired and 
misrepaired DSBs at 
low-dose exposure, more 
likely for radiosusceptible 
patients. Repeated dose 
effect: with repeated low 
doses in a few minutes 
(with a period = Δt), the 
effect may be not additive 
but supra-additive (LORD 
effect). It can concern also 
radioresistant subjects 
with low risk of cancer. If 
patients are radiosuscep-
tible, IR exposures can 
amplify the hyper- 
recombination process, 
which increases the 
number of misrepaired 
DSBs (LADI effect)
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12.5.3  DNA Repair 
and Hyper-Recombination

Dominika Slonina and colleagues [56, 57] 
revealed for the first time that a low-dose HRS 
may be an individual characteristic. They high-
lighted, at low-dose, more X-ray-induced DNA 
damage in human cells (fibroblasts and kerati-
nocytes) from predisposed patients with cancer. 
Individual susceptibility to low radiation dose 
has also been confirmed using two mediators of 
DNA repair, MRE11 and H2AX, as biomarkers 
for DNA damage [58].

There are at least two major DSB repair path-
ways in humans. The first one is called non- 
homologous end-joining (NHEJ) and consists in 
ligating the two broken ends. The recognition of 
DSB managed by NHEJ is insured by the ATM- 
dependent phosphorylation of the H2AX histone 
variant (γH2AX). The second DSB repair path-
way is named recombination and consists in cut-
ting some DNA sequences and inserting them 
in the radio-induced gap like a patch system. A 
lack of control in recombination called hyper- 
recombination is a well-identified cause of mis-
repaired DSBs, genomic instability and cellular 
transformation [59].

Numerous tumor suppressor proteins inter-
act with ATM in cytoplasm, notably BRCA1, 
BRCA2, and p53, all involved in the response 
to IR. Besides, there is previous evidence that 
BRCA1 and BRCA2 are required for genome 
surveillance and repair of several DNA damage 
types, notably DSB [60, 61]. The HRS phenom-
enon may therefore be particularly observed in 
cells from high family risk women, mutated or 
not [44].

Main indicators of hyper-recombination are 
a higher spontaneous DNA damage and the so- 
called low-dose additional and induced (LADI) 
DSB effect.

A significantly higher spontaneous rate of 
DSBs per nucleus was highlighted in ex  vivo 
breast epithelial cells from high-risk patients 
[44]. These cells were called highly damaged 
cells (HDC). This phenomenon may result from 
a lack of genome maintenance and a high rate of 
hyper-recombination [44].

After exposures of breast epithelial cells 
ex vivo in the conditions of mammography, the 
γH2AX foci rate per cell (which represents the 
DSB rate in 1:1 manner) systematically increased 
from 10 min to 24 h. These data suggest a lack 
of control in the genome maintenance associated 
with hyper-recombination and the LADI DSB 
effect [44]. The latter effect was exacerbated in 
high-risk women.

12.6  Assays to Quantify 
Radio-Susceptibility

Individual radio-susceptibility can be explored 
with functional assays in cells (fibroblasts or 
peripheral blood lymphocytes) exposed to IR 
[62] with the following rationale: since cancer- 
prone persons exhibit an abnormal DNA damage 
response pattern after irradiation [63, 64], per-
sons exhibiting abnormal DNA damage response 
pattern after irradiation of cells (fibroblasts or 
peripheral blood lymphocytes) can be considered 
cancer-prone, especially after exposure to IR.

G2 assay. The G2 chromosomal radiosensitiv-
ity assay tests the quality of the G2/M checkpoint 
of cell cycle arrest after exposure to IR with the 
rationale that cancer proneness may result from 
a dysregulation of cell cycle. Ram Parshad and 
colleagues [65] developed the G2 assay and con-
cluded that chromatid damage after G2 phase 
irradiation of cells from cancer-prone individu-
als implicates deficiency in DNA repair. Then the 
G2 assay was applied in BC patients who exhib-
ited an abnormal response in the rate range of 
42–46% in comparison with 6–13% of healthy 
controls [65–70]. Thus, an abnormal G2 assay in 
women can be interpreted as a predisposition to 
BC. Abnormal G2 assay results were similar in 
many other cancer patients [62].

Micronucleus (MN) assay. The MN assay 
measures residual chromosome fragments after 
IR exposure with a good correlation with the 
dose. Thus, an excess of MN which results from 
an abnormal DNA DSB repair may be linked to 
radiosusceptibility [64]. MN yields were reported 
as abnormally high in 31% of BC patients com-
pared with 5% of healthy controls [70].
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DNA misrepair assays. Since cancer prone-
ness is associated with misrepaired DNA breaks 
[71], their detection has been a major challenge 
over decades. Pulse field gel electrophoresis and 
southern blotting can be successfully combined, 
but this technique requires too long a time for 
routine application [72]. In cell-free plasmid 
assays [73, 74], the DNA hyper-recombination 
rate of a circular plasmid incubated in extracts 
of cells is observed in cancer-prone patients 
[75]. So far, there is no clear consensus about 
immunofluorescence biomarkers that may reflect 
cancer proneness. However in cells derived from 
cancer- prone diseases the number of MRE11 
foci may reflect DSB misrepair [75]. Regarding 
γH2AX foci observed after exposure to IR, it is 
clearly established that they sign the presence of 
unrepaired DNA DSBs and, therefore, the pres-
ence of all the other DNA insults associated with 
IR, which are more frequent than DSBs. Since 
an excess of γH2AX foci has been observed in 
cells exposed to IR from high-risk BC women 
[44] in certain cases, γH2AX foci assays may be 
useful to predict genomic instability and cancer 
proneness.

12.7  Conclusions

While radio-induced BC risk obviously depends 
on age at exposure, it appears that the genetic 
status of women may also constitute another 
main parameter. Convergent epidemiological and 
biological data lead to be highly cautious when 
considering X-ray effects on the breast tissues 
of BRCA1/2 mutation carriers. Radiobiological 
effects at low X-ray doses using relevant cellular 
ex vivo models were demonstrated in agreement 
with epidemiological data. Strong indicators of a 
hyper-recombination phenomenon were pointed 
out in cells from high family risk patients, a phe-
nomenon which is linked to genomic instability 
and cancer proneness. The main results were 
more spontaneous DNA damage with high dam-
age cells before any experimental irradiation, 
unrepaired DNA damage in agreement with pre-
vious radiobiological data at low doses, higher 

supra-additive low-dose effect, and additional 
DNA damage several hours after irradiation.

If the initial responses to IR damage appear 
to increase linearly with the dose, the pro-
cessing and repair of the DNA damage from 
repeated exposures in a short time may be non-
linear and possibly supra-additive also depend-
ing on individual/genetic status. Consequently, 
models used for the extrapolation of risk to the 
low-dose region need to be critically re-exam-
ined, notably when evaluating the risk-benefit 
ratio of mammography and MRI for breast 
screening.

Epidemiological data about radio-induced 
BC from low-doses are available only for 
BRCA1/2 mutation carriers. Study designs were 
very heterogeneous. As a consequence, some 
of them revealed biases. To be admissible, we 
insist on the absolute necessity of study data 
stratified by age, age at exposure, and cumula-
tive dose range. In 2012, a strong alert about 
breast low-dose exposure consequences before 
age 30 came from a cohort study for BRCA1/2 
mutation carriers [27]. Following the discov-
ery of BRCA1/2 gene mutations in 1994–1995, 
cohort data studies to investigate the potential 
consequences of cumulative and repeated IR 
after age 30 with longer follow-up are neces-
sary. While awaiting further advances, indi-
cations of any kind of IR exposure involving 
breast, chest, or shoulders should be system-
atically justified in BRCA1/2 mutation carriers. 
In particular, computed tomography including 
thorax should be avoided as much as possible. 
We also suggest carefully justifying any radio-
logical examination including the thorax for the 
children of a mutation carrier (woman or man) 
while waiting for the possibility of mutation 
test at adult age.

With regard to screening, in order to 
decrease breast exposures in women with ele-
vated genetic- familial risk of BC and taking into 
account MRI performances, when MRI is per-
formed and mammography is thought to provide 
additional sensitivity, only one mediolateral 
oblique projection may be taken, thus halving 
the exposure [53, 76].
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NPV Negative predictive value
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PR Progesterone receptor
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SFH Strong family history of breast or 

ovarian cancer
TNBCs Triple negative breast cancers

13.1  Introduction

This chapter is dedicated to the crucial point 
concerning the impact of contrast-enhanced 
magnetic resonance imaging (MRI) screening 
on the clinical outcome of women at high risk 
of breast cancer. We would like to answer yes 
unequivocally to the question: using breast MRI 
for screening, are we able to save lives of BRCA 
mutation carriers and other women at high risk? 
As we will see, the answer is not so straightfor-
ward. Important methodological issues underlie 
this discussion, including the level of evidence 

F. Podo (*) 
Department of Cell Biology and Neurosciences, 
Molecular and Cellular Imaging Unit, Istituto 
Superiore di Sanità (ISS), Rome, Italy
e-mail: franca.podo@alice.it 

E. Warner 
Division of Medical Oncology, Sunnybrook Odette 
Cancer Centre, University of Toronto, Toronto, ON, 
Canada
e-mail: Ellen.Warner@sunnybrook.ca 

F. Santoro
Department of Cell Biology and Neurosciences, 
Molecular and Cellular Imaging Unit and Research 
Coordination and Support Office, Istituto Superiore 
di Sanità (ISS), Rome, Italy
e-mail: filippo.santoro@iss.it 

F. Sardanelli 
Department of Biomedical Sciences for Health, 
Università degli Studi di Milano, Milan, Italy

Unit of Radiology, IRCCS Policlinico San Donato, 
San Donato Milanese, Italy
e-mail: francesco.sardanelli@unimi.it

13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-41207-4_13&domain=pdf
https://doi.org/10.1007/978-3-030-41207-4_13#DOI
mailto:franca.podo@alice.it
mailto:Ellen.Warner@sunnybrook.ca
mailto:filippo.santoro@iss.it
mailto:francesco.sardanelli@unimi.it


202

needed for recommending annual breast MRI for 
screening these women.

We start with an apparently trivial discus-
sion of the use of the terms screening or sur-
veillance in this context, then defining why the 
 evidence- based recommendations are differ-
ent for screening tests as compared to so-called 
diagnostic tests. After explaining the absence of 
randomized controlled trials (RCTs) evaluating 
breast MRI screening of high-risk women, we 
summarize the results of non-randomized studies 
that have reported on patient outcome. Critical 
issues in the evaluation of high-risk patient out-
come are discussed. Finally, we illustrate the sur-
vival analysis of triple-negative versus non-triple 
negative breast cancers in the HIBCRIT-1 study. 
We conclude highlighting unresolved issues for 
further research.

13.2  Screening or Surveillance?

Words are important, in science as well as in 
day- to- day life. The Emperor Justinian said that 
Nomina sunt consequentia rerum, i.e., names are 
a consequence of things [1]. The use of breast 
MRI in asymptomatic high-risk women with the 
aim of earlier cancer detection than that attain-
able with mammography and ultrasonography 
has been described in the literature either with the 
term screening or the term surveillance. Is there 
any difference between them?

Indeed, asking PubMed [2] for the number of 
published papers for “MRI  +  BRCA  +  screen-
ing,” “MRI  +  BRCA  +  surveillance,” 
“MRI + BRCA + screening OR MRI + BRCA + sur-
veillance,” and “MRI + BRCA + screening AND 
MRI + BRCA + surveillance,” you find 127, 61, 
134, and 54 papers, respectively. These figures 
indicate a preference for the term screening but an 
overlap does exist. Notably, the two terms do not 
have exactly the same meaning. According to the 
Oxford Dictionary [3], the definition of screening 
(in the healthcare context) is to check, test, exam-
ine, investigate, scan, and that of surveillance is 
observation, scrutiny, watch, view, inspection, 
monitoring. According to the MedlinePlus Medical 
Dictionary [4], to screen means to test or exam-

ine for the presence of something (as a disease), 
while surveillance indicates close and continuous 
observation or testing. Notably, both terms refer 
to asymptomatic populations. In the case of symp-
tomatic subjects, we should choose the term diag-
nostic test instead of screening or surveillance test.

Bearing in mind the classical model of periodic 
screening mammography for secondary preven-
tion of breast cancer in the general population of 
women, we can perceive a difference between the 
two terms. We would not refer to periodic mam-
mography in an average-risk female population 
as a surveillance program. However, the term 
surveillance could be used when a more inten-
sive program than “simple” screening is planned. 
This distinction is related to a high pretest disease 
probability, i.e., to a higher disease prevalence in 
the tested population. In the case of women with 
a previous breast cancer history, the term surveil-
lance is generally used by convention. However, in 
the case of unaffected women at much higher than 
average risk of developing breast cancer such as 
BRCA mutation carriers, the distinction between 
these terms is a matter for debate. On the one hand, 
a higher disease prevalence justifies a more inten-
sive program (which we could name surveillance). 
On the other hand, differences in the intensity of 
testing do not change the intent of the program, 
which is aimed at obtaining earlier diagnosis of a 
disease in asymptomatic subjects. In this chapter, 
we will arbitrarily use the term screening to refer 
to both previously affected and unaffected women 
at much greater than average risk.

13.3  Diagnostic Tests, Screening 
Tests, Overdiagnosis, 
and Screening Biases

Relevant differences do exist in the application 
of tests in the clinical (diagnostic) context ver-
sus the screening context [5]. These differences 
are listed in Table 13.1. The majority of them can 
be arrived at intuitively. It is easy to understand 
that differences in disease prevalence result in 
different predictive values: all other things being 
equal, if the proportion of subjects affected with 
the disease is higher (clinical context), the prob-
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ability of positives is higher, and that of negatives 
is lower. The reverse would be expected, if the 
 proportion of subjects affected with the disease is 
lower (screening context). The impact of disease 
stage on sensitivity is also simple: it is easier to 
detect larger than smaller cancers. In addition, 
the relatively higher specificity in the screening 
context is due to a strong effect of the numera-
tor on the ratio which generates this index. Due 
to the low disease prevalence (notably, also in a 
high-risk population), the large majority of the 
screened subjects are negative, so the largest 
fraction of subjects will be true negative. As a 
consequence, the specificity will be high, even in 
the presence of a relatively high absolute number 
of false positives. This is the reason for which, in 
the screening context, the weight of false posi-
tives is better evaluated using the positive predic-
tive value (PPV) than using the specificity.

The bottom lines of Table 13.1 introduce two 
crucial issues: overdiagnosis and overtreatment. 
Overdiagnosis occurs when a diagnosis is cor-

rectly performed according to current profes-
sional standards but the disease diagnosed would 
not have been detected during the patient’s life-
time in the absence of screening. It is caused by 
a variable combination of the two following phe-
nomena [6]:

 1. Sensitive tests that identify abnormalities that 
are indolent, non-progressive, or regressive

 2. Expanded definitions of disease

The first of these two occurrences is what 
we could define more technically overdetec-
tion and typically, for imaging tests, results 
from the radiological work. The basic under-
lying issue is the variable biological nature of 
(breast) cancers, implying highly different lev-
els of aggressiveness in the presence of similar 
characteristics at histopathology. The second 
occurrence calls into question the interpretation 
by the pathologist of the tissue needle sample 
performed under image- guidance by the radi-
ologist. This distinction between detection and 
diagnosis implies a distinction between over-
detection and overdiagnosis [7], the latter to be 
considered in the light of the suboptimal repro-
ducibility of pathological reporting of breast 
needle biopsies, especially in the case of lesions 
with atypia, such as atypical ductal hyperplasia 
and ductal carcinoma in situ [7–9].

For diagnostic tests, the probability of over-
diagnosis is negligible. A palpable breast lesion 
(or a lesion-inducing nipple retraction or bloody 
discharge), if diagnosed to be malignant, has a 
low probability of being clinically irrelevant, 
having already induced symptoms. There is a 
very low residual probability that an incidental 
finding unrelated to the symptomatic (benign or 
malignant) lesion may be diagnosed by the clini-
cal test performed, leading to overdiagnosis and 
overtreatment.

This justifies the evidence-based approach 
for decision making about performing diagnos-
tic tests. In the clinical context (diagnosis), a test 
should be preferred on the basis of sensitivity 
and specificity studies conducted in consecu-
tive patients with a reliable and systematically 
applied reference standard, using well-defined 

Table 13.1 Differences in the application of tests in the 
clinical or screening context

Characteristic

Clinical 
(diagnostic) 
context 
(symptomatic 
population)

Screening context 
(asymptomatic 
population)

Disease 
prevalence

Higher Lower

Positive 
predictive value 
(PPV)a

Higher Lower

Negative 
predictive value 
(NPV)b

Lower Higher

Disease stage Often more 
advanced

Often initial

Sensitivityc Higher Lower
Specificityd Lower Higher
Overdiagnosis Highly 

improbable
Unavoidable

Overtreatment Possible Mainly due to 
overdiagnosis

aPPV = true positives / (true positives + false positives)
bNPV = true negatives / (true negatives + false negatives)
cSensitivity  =  true positives  /  (true positives  +  false 
negatives)
dSpecificity  =  true negatives  /  (true negatives  +  false 
positives)

13 Impact of MRI Screening on High-Risk Patient Outcome
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clinical decisions rules [10]. Homogeneous meta- 
analyses of high-quality studies and multicenter 
studies generate the highest level of evidence. 
The intra-individual comparative study design is 
a powerful tool for choosing between an old and 
a new test. No RCTs are required.

This is not the case for screening tests. The 
risk of overdiagnosis is one of the reasons that 
make the introduction of new screening tests 
more evidence-demanding than that of new diag-
nostic tests. Suppose one has a new test providing 
a large increase in the detection rate of a disease 
as compared to an old test. Evidence-based medi-
cine tells us that the new test cannot be adopted 
as a generalized screening tool before the dem-
onstration of a clinically relevant and statistically 
significant impact on patient outcome, by means 
of RCTs and their homogeneous meta-analyses 
[10]. An advantage in terms of sensitivity and 
specificity only is not enough. According to the 
European Council Recommendation on cancer 
screening [11], evidence from RCTs is needed 
before introducing new screening tools.

In the last years, we faced this situation when 
considering digital breast tomosynthesis for 
breast cancer screening of average-risk women. 
Indeed, tomosynthesis was demonstrated to pro-
vide, when compared to two-dimensional digital 
mammography, not only an increase in cancer 
detection rate ranging from 0.5 to 2.7 per thou-
sand screened women but also a reduction in the 
false-positive recall rate ranging from 0.8 to 3.6 

per 100 screened women [12]. However, this is 
not enough for routine usage of tomosynthesis 
for breast cancer screening. In fact, we do not 
know what proportion of the additional cancers 
detected are indolent or non-progressive, deter-
mining the rate of overdiagnosis and overtreat-
ment. Position papers by the European Society 
of Breast Imaging [13] and Italian breast imag-
ing and screening bodies [14] adopted a cau-
tious approach affirming the necessity to wait for 
more evidence before the generalized adoption 
of tomosynthesis for breast cancer screening. 
Taking into account the relatively long time and 
the complexity of studies needed to provide an 
accurate estimate of the rate of overdiagnosis of a 
new test [15], one solution is to adopt a proxy of 
this estimate, i.e., the interval cancer rate or the 
rate of screen-detected T2-stage tumors. If tomo-
synthesis will be shown to consistently reduce 
these indices, the probability that the increased 
detection rate is mainly determined by overdiag-
nosis will be predicted to be low. Thus, we have 
to wait at least for this demonstration before 
adopting tomosynthesis for breast cancer screen-
ing [13, 14].

We should place this issue in the context of 
the general epidemiological theory of screen-
ing. Overdiagnosis is an extreme case of length 
bias (Fig.  13.1). This bias has to be taken into 
account when analyzing the results of a screen-
ing program. For instance, the effect on survival 
should take into account both screen-detected 

Slow-growing tumors

Fast-growing tumors

Screening testtime

LENGTH BIAS
Sojourn time

Detectability Symptoms

Fig. 13.1 Scheme 
showing that a screening 
test has higher probability 
to detect slow-growing 
tumors (with a longer 
sojourn time) than 
fast-growing tumors (with 
a shorter sojourn time). 
When the sojourn time 
exceeds the woman’s life 
span (the woman will die 
for concurrent death 
causes), the detected 
cancer is overdiagnosed. In 
other words, overdiagnosis 
is an extreme case of length 
bias
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and interval cancers, because the screen-detected 
cancers could show a more favorable outcome 
due to their intrinsically longer sojourn time. 
However, when a screening program has to be 
evaluated in terms of its effect on survival rates, 
another bias should be considered, the lead time 
bias (Fig. 13.2). RCTs are the best way to address 
all these problems.

13.4  The Lack of RCTs Evaluating 
Breast MRI for High-Risk 
Screening

As illustrated in the previous paragraphs, the 
main pathways to acquiring the best evidence 
for the effectiveness of a screening test are the 
classical RCTs. The Working Group of the 
International Agency for Cancer Research sum-
marized the results of RCTs that still inform the 
use of screening mammography: those stud-
ies showed in average that women from 50 to 
69  years of age who attend biennial screening 
have a 40% reduction in breast cancer mortal-
ity, while considering all women who are invited 
(attending and non- attending the screening) the 
reduction in mortality is 23% [16]. With RCTs 
we could analyze overdiagnosis by evaluat-
ing what happens after stopping the screening 
in the two arms. If a screening regimen works 

well, the anticipated diagnosis should result in 
a corresponding drop in incidence, at least tem-
porarily, when compared to the non-screened 
arm. If there has also been some overdiagnosis, 
the drop will be smaller, not corresponding to 
the incidence peak due to the screen detection 
[15]. Of note, overdiagnosis by screening mam-
mography is still a hotly debated matter, its esti-
mated frequency depending on: the definition 
of overdiagnosis used for calculations, meth-
odological approaches, analytical adjustments, 
epidemiological assumptions such as underlying 
incidence trends, type of studies considered, and  
true difference in overdiagnosis due to differ-
ent populations and screening sensitivity [15]. 
Overdiagnosis can be estimated using different 
approaches. The type of methodology has a dra-
matic effect on overdiagnosis estimation: from 
10% to 22% for RCTs, 1% to 19% for cohort 
studies, 1% to 76% for ecological studies, and 
0.3% to 32% for modeling studies [17].

As a matter of fact, we do not have any RCTs 
evaluating breast MRI for high-risk screening. 
Why not? Here we face a real-life phenomenon 
not so rare in the recent history of medicine, 
known as the Buxton’s law: “It is always too 
early [for rigorous evaluation] until suddenly it’s 
too late” [18, 19]. Here we can substitute “RCT” 
for “rigorous evaluation”: it is always too early 
for a RCT, until suddenly it’s too late.

Death

Survival

Survival

LEAD TIME

Death

Screening

Control group

time

Detection

Clinical
onset

LEAD TIME BIAS

Fig. 13.2 Scheme showing the effect of the lead time 
bias in terms of false prolonged survival of women having 
screen-detected cancers. If the screening has the only 
effect of anticipating the diagnosis but no real effect on 
survival, this anticipation, i.e. the lead time, is the differ-

ence between the apparent survival from detection to 
death of the woman who had a screen-detected cancer and 
the survival of an equivalent case in the non-screening 
control group
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We do not live in a perfect world where all 
is planned and the speeds of social processes 
(including advancement of science and medi-
cal research) are synchronized. Like in biologi-
cal evolution, the real life is much more chaotic 
and partially unpredictable. Thus, while in 1986 
we had the first preliminary demonstration of the 
high potential sensitivity of contrast-enhanced 
breast MRI [20], more than 10 years were nec-
essary for an adequate development of the tech-
nique (dedicated coils, sequences, protocols, 
etc.) to a stage that could allow for its usage for a 
screening study. As we explain in Chap. 2 of this 
book, enthusiasm for MRI screening was also ini-
tially blunted by fear of the so-called “low speci-
ficity” of breast MRI. Of note, the interpretation 
of dynamic curves was standardized in the late 
1990s [21] while MRI descriptors and diagnostic 
categories in the Breast Imaging Reporting and 
Data System were firstly introduced in 2003 [22]. 
Important for a breast MRI screening application, 
systems for MR-guided breast biopsy were firstly 
available in 1994 [23] and validated by a multi-
center trial only in 2002 [24].

The first study investigating the value of MRI 
in women at increased risk of breast cancer was 
published by Christiane Kuhl et al. in 2000 [25]. 
Among the 105 women for whom at least a 1-year 
follow-up was available, the difference in sensi-
tivity between MRI (100%) and mammography 
combined with ultrasonography (44%) was over 
56%. As illustrated in Chap. 11 of this book, dur-
ing the early 2000s and thereafter, many prospec-
tive studies on high-risk women confirmed this 
large gap in sensitivity. Twelve years after the 
Kuhl’s seminal paper, Wendy Berg et al. [26] got 
exactly the same difference in a large subgroup of 
women at increased risk who had supplemental 
MRI after mammography and ultrasonography 
(n = 612); the MRI sensitivity was 100% (16/16), 
that of mammography plus ultrasonography only 
44% (7/16), the same 56% difference in sensitivity 
obtained by Kuhl et al. in 2000. Berg and cowork-
ers summarized the results of their study using 
the interesting metrics of the number of screens 
needed to detect one cancer: 127 for mammogra-
phy, 234 for supplemental ultrasonography, and 
only 68 for MRI after negative mammography 

and ultrasonography [26]. Considering the body 
of evidence accumulated in the last 15 years, we 
can refer to the results of the individual-patient 
data meta-analysis [27], including a total of 1,951 
BRCA mutation carriers and 184 cancers: the 
absolute difference in sensitivity between mam-
mography (36%) and MRI (89%) was 53%.

All these results made planning an RCT 
enrolling high-risk women such as BRCA muta-
tion carriers impossible, if the plan had to be a 
control arm randomized to only conventional 
imaging (mammography/ultrasonography) and 
an interventional arm randomized to MRI (alone 
or as an adjunct to conventional imaging).

In addition, we have to consider the high 
speed of cancer growth in high-risk women. In 
BRCA mutation carriers, the mean doubling time 
has been estimated to be 28 days in women under 
40 years of age, 68 days between age 41 and 50, 
and 81 days for women over age 50, compared 
to 83, 121, and 173  days, respectively, in non- 
mutated high-risk women [28]. For compari-
son, the mean doubling time has been recently 
estimated to be 191 days in women between 50 
and 74 years based on the screening program in 
Nijmegen, the Netherlands [29], without signifi-
cant variations for age subgroups.

This means that a missed cancer in a BRCA 
mutation carrier under age 40 would double its 
volume with a six times higher growth veloc-
ity as compared to a missed cancer over 50  in 
the general female population. The theoretical 
consequence is that in BRCA mutation carriers 
overdiagnosis, if any, is highly improbable. Also 
in non-mutated high-risk women, at least up to 
50 years of age, the growth velocity is substan-
tially faster than that in the general population.

In this context, a loss in sensitivity of about 
50% in women randomized to not receive 
screening MRI but only conventional imag-
ing is not acceptable. No researchers proposed 
such a RCT. No Ethical Committee would have 
approved a similar protocol. If ever approved, 
informed consent to be randomized would have 
been very difficult to acquire. Thus, we do not 
have such RCTs. We will not have them in future. 
Other means had to be used to get outcome evi-
dence for MRI screening in high-risk women.
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13.5  Studies on High-Risk Patient 
Outcome, Focusing on BRCA1 
Mutation Carriers

Screening that includes MRI has been proven to 
detect earlier stage breast cancers in asymptom-
atic high-risk women when compared to screen-
ing strategies lacking MRI. This conclusion can 
be indirectly drawn looking at the small size of 
cancers detected only by MRI in many prospec-
tive studies [30–40]. In the absence of RCTs, other 
investigations are needed to clarify the impact of 
MRI on clinical outcome of patients belonging to 
different risk categories [36, 41–43]. The breast 
cancer–specific overall survival (BCS-OS) and 
distant disease–free survival (DDFS) rates may 
in fact critically depend on a variety of factors 
such as genomic signatures, specific prognostic 
factors, and treatment options. Indeed, treatment 
is a variable dramatically affecting outcome, 
which has also changed over time and varied 
across different countries. We should consider 
differences in the rates of unilateral mastectomy 
versus breast conserving therapy (BCT) with or 
without radiation therapy, versus bilateral mas-
tectomy (including contralateral preventive mas-
tectomy (CPM) after unilateral cancer) and the 
timing and uptake of prophylactic oophorectomy, 
as well as the continuously evolving hormonal 
and chemotherapy protocols.

A retrospective analysis of data regarding 
unscreened patients diagnosed with primary 
invasive breast cancer between 1980 and 2001 
within families with an identified deleterious 
BRCA1 mutation ascertained at the Erasmus–
Daniel den Hood Cancer Center (Rotterdam) 
reported a mean tumor size of 24 mm, a 5-year 
BCS-OS rate as low as 73% and a 5-year DDFS 
rate of 68% [44].

Several multivariate analyses [45–49] found 
breast cancers in BRCA1 mutation carriers to 
more commonly be histologic grade 3 and nega-
tive for estrogen receptor (ER) and progesterone 
receptor (PR) expression compared to sporadic 
cancers (Table  13.2). Tumor size was a strong 
prognostic factor not only for BRCA1-associated 
but also for age-matched sporadic breast cancers. 
However, unlike sporadic cases, the prognos-

tic impact of positive nodal status in BRCA1- 
associated breast cancers was significant only for 
four or more positive nodes [44]. Furthermore, 
the incidence of contralateral breast cancer was 
significantly higher for patients with BRCA1- 
associated cancers than for age-matched patients 
with sporadic cancers (univariate hazard ratio 
[HR] 4.98).

The non-randomized prospective MRI- 
including Dutch MRISC screening study [36], 
carried out from 1999 to 2006 on a combined 
cohort of women with higher than 15% cumu-
lative lifetime risk, showed that the sensitivity 
of MRI (71%) markedly exceeded that of mam-
mography (41%) and clinical breast examination 
(21%). Notably, 43% of breast cancers in this 
cohort were detected by MRI only. The median 
tumor size of the detected invasive cancers 
was largest for the interval cancers (16.5  mm) 
and smallest (9.0  mm) for cancers detected 
by MRI only. Regarding patient outcome, the 
6-year BCS-OS rate estimated for the combined 
subgroup of invasive BRCA1- and BRCA2-
associated cancers was 93%, a value substan-
tially higher than that reported for BRCA1 
patients in the retrospective Rotterdam study of 
unscreened women (5-year BCS-OS of 73%) 
[44]. An update of the MRISC study (last date of 
enrollment, August 2007; last date of follow-up, 
August 2013) with a 9-year median follow-up of 
93 breast cancer patients (including 33 BRCA1 
and 18 BRCA2 mutation carriers) reported that 
9% of patients (8/93, including 4 BRCA1 and 1 
BRCA2) had developed distant metastasis and 
8% (7/93, including 3 BRCA1 and 1 BRCA2) 
had died of breast cancer [50]. Compared with 
these MRI-screened patients, a control group of 
93 patients who received no screening if younger 
than 50 years of age and bi-annual mammography 
if 50 years or older had tumors of significantly 
larger size (48% versus 13% with pT > T2) and 
a significantly higher rate of positive nodal sta-
tus (56% versus 31%). Regarding treatment, the 
control group of unscreened patients had signifi-
cantly higher rates of breast conserving surgery 
(47% versus 29%) and adjuvant chemotherapy 
(77% versus 39%). Compared to unscreened con-
trols, the MRI-screened patients showed lower 
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rates of distant metastasis (9% versus 23%) and 
breast cancer–related mortality (8% versus 21%). 
This study, however, does not have a comparison 
group of patients screened with mammography 
with or without ultrasound, nor does it correct for 
screening lead time.

A prospective study reported in 2011 by 
Ellen Warner and colleagues on 1,271 BRCA1 
and BRCA2 mutation carriers under surveillance 
with or without MRI for a mean of 3.2 years [51] 
showed a significant reduction in the cumula-
tive incidence of advanced stage breast cancers 
(larger than 2 cm or node-positive) in the MRI- 
screened group (HR 0.30). These data reinforced 
the expectation that, due to its superior sensitiv-
ity, an intensive MRI screening could contribute 
to reduce the breast cancer–specific mortality 
in MRI-screened BRCA mutation carriers. This 
study also showed that the protective effect of 
MRI screening on advanced breast cancer was 
greater for BRCA2 (HR 0.15) than for BRCA1 
mutation carriers (HR 0.40). Furthermore, a 
recent study by Dafydd Gareth Evans and col-
leagues showed that an intensive breast screening 
with annual MRI and mammography improved 
survival from breast cancer in female BRCA2 
mutation carriers, compared to a control group 
who had their first breast cancer diagnosed with-
out intensive screening [52].

Differences in the outcome of BRCA1- and 
BRCA2-associated breast cancers may, in 
principle, derive from the different patterns of 
tumor progression of these tumors, in relation to 
the different hormone receptor expression lev-
els, other prognostic factor profiles, and imaging 
findings, as reported in retrospective analyses 
of BRCA mutation carriers. Julia Krammer and 
coworkers [53] performed a retrospective analy-
sis of 496 BRCA mutation carriers diagnosed 
with breast cancer from 1999 to 2013. BRCA1-
associated cancers exhibited significantly higher 
nuclear and histological grade compared to 
BRCA2- associated cancers. A basal-like tumor 
receptor status was significantly more frequent 
in BRCA1 mutation carriers, while hormone 
receptor- positive tumors were more frequent in 
BRCA2 mutation carriers. BRCA2 mutation car-
riers had a more frequent diagnosis of ductal car-

cinoma in situ (DCIS) not in combination with 
other malignancies as well as presenting calci-
fications. The sensitivity of mammography was 
significantly lower in BRCA1 mutation carriers 
(81%) than in BRCA2 mutation carriers (89%) 
while that of MRI was 99% in each group, with-
out significant difference for age (over or below 
40 years). Mammography detected only two can-
cers that were false-negative at MRI (1 invasive, 
1 DCIS). Similar trends were observed using the 
approach of the individual- patient data meta-
analysis (see Chap. 11).

Analyses of data collected from prospective MRI-
screened high-risk women (examples in Table 13.2) 
showed significantly higher rates of ER and PR nega-
tivity in BRCA1- compared with BRCA2-associated 
breast cancers (ER negativity, 65–82% versus 
14–36%; PR negativity, 78–85% versus 29–42%), 
along with a higher percentage of grade 3 cancers 
(52–78% versus 21–55%) [36, 41–43].

Focusing on BRCA1-associated breast can-
cers, the mean tumor size of lesions reported 
in different prospective MRI-including screen-
ing studies typically ranged from 9 to 14  mm 
[39, 41–43] compared with a mean tumor size 
of about 24 mm reported for the hospital-based 
cohort of the retrospective Rotterdam study 
[44]. In most screening studies [36, 41, 43], the 
smaller MRI-detected tumors were associated 
with higher 5-year BCS-OS rates (up to about 
90% versus 70–75% estimated for unscreened 
BRCA1 patients [39]). An exception to this 
trend was reported by Paul Møller and col-
leagues [42] from the MRI-based surveillance 
offered in Norway to BRCA1 mutation carriers 
between 2001 and 2010. The rather small mean 
tumor size of 14 mm reported in this study for 
patients diagnosed with invasive breast cancer 
was in fact associated with 5-year and 10-year 
BCS-OS rates as low as 75% and 69%, respec-
tively (Table  13.2), i.e., lower than expected. 
Yet, using a multivariate model, it was confirmed 
that the tumor size at diagnosis was a critical 
issue for patient outcome. In fact, the 10-year 
survival rate was 93% for women with a can-
cer size ≤10 mm, 58% for women with a cancer 
size 11–20 mm, and only 23% for women with 
a cancer size >20 mm.
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This body of evidence suggests that, beyond 
the encouraging results regarding breast cancer 
stage, a firm assessment of the impact of MRI on 
high-risk patient outcome still requires extensive 
investigation with regard to the interplay among 
benefits of earlier detection, tumor prognos-
tic factors, and treatment. A key concern in this 
context appears to be the high incidence among 
patients with BRCA1 mutations of triple negative 
breast cancers (TNBCs), a highly aggressive, het-
erogeneous clinical subset characterized by ER 
and PR negativity in the absence of epidermal 
growth factor receptor 2 (HER2) overexpression 
[54–57]. This immunohistochemically defined 
subset partially overlaps the molecular-defined 
basal-like breast cancer subtype [58]. Frequent 
phenotype features of TNBCs in the general 
female population are high tumor grade (G3), 
large tumor size (pT2–pT3), weak relationship 
between tumor size and nodal status, high risk of 
hematogenous in addition to lymphatic spread, 
and poor clinical outcome [57, 59–62].

The high percentage of TNBCs in BRCA1- 
mutated patients might, therefore, in principle 
strongly reduce the advantages of an intensive 
MRI-including surveillance program for this 
population. The earlier tumor detection by MRI 
might in fact result in a mere anticipation of 
diagnosis (i.e., lead time) for a high proportion 
of ultimately fatal TNBC cases. In this con-
text, it is worth noting that the poor correlation 
between node negativity and tumor aggressive-
ness often led in the past to therapeutic options 
which, unfortunately, excluded the application 
of adjuvant chemotherapy to TNBCs, whereas 
accruing clinical evidence has more recently 
shown that among TNBCs, BRCA1-related 
cancers are more chemosensitive than sporadic 
tumors [63].

Limited attention has so far been focused on 
comparing phenotype features and survival rates 
of TNBCs versus non-TNBCs detected in high- 
risk women entered in the MRI-including screen-
ing programs performed in the last decades. The 
main results of the recently reported prospective 
Italian multi-center multimodality screening 
study focusing on this crucial issue [43] are sum-
marized in the next section.

13.6  Outcome of Triple Negative 
versus Non-triple Negative 
Cancers in the HIBCRIT-1 
Study

Most population-based breast cancer studies 
have reported a 10–20% prevalence of TNBCs, 
although higher rates have been found in some 
ethnic groups [57, 59, 60, 64, 65]. TNBCs are 
more common in premenopausal women and 
over-represented among the interval cancers 
in population-based mammography screening 
programs [66]. A significantly shorter 10-year 
overall survival rate (75%) was reported by the 
International Breast Cancer Group Trials VIII 
and IX for patients with TNBCs compared with 
hormone receptor-positive patients with either 
low or high proliferative activity (survival rates 
of 89% and 83%, respectively) in a cohort of 
1,951 early-stage node-negative breast cancer 
patients diagnosed between 1988 and 1999 [62].

Clinical data retrospectively analyzed by Rebecca 
Dent and coworkers [61] in a hospital- based cohort 
of 1,601 women diagnosed with primary breast can-
cer in Toronto (1987–1997) showed that, compared 
to other cancer phenotypes, TNBC patients (11%) 
had a significantly lower age at diagnosis (53 ver-
sus 58  years), a larger mean tumor size (30  mm 
versus 21 mm), a higher rate of G3 tumors (66% 
versus 28%), and a lower rate of negative nodal 
status (45% versus 54%) (Table 13.3). Recurrence 
and survival analyses showed that TNBCs typi-
cally had an earlier risk of recurrence, with a peak at 
1–3 years from diagnosis, distant recurrence rarely 
preceded by local recurrence, and rapid progression 
from distant recurrence to death [61]. Compared 
with other women with breast cancer, those affected 
with TNBC had an increased likelihood of distant 
recurrence (HR 2.6, p  <  0.0001) and death (HR 
3.2, p < 0.001) within 5 years of diagnosis but not 
thereafter. The Kaplan-Meier survival analyses 
for BCS-OS and DDFS in TNBC and non-TNBC 
patients are reported in Fig. 13.3 (panels a, b). It is 
worth noting that the studies by Dent and coworkers 
[61] and Metzger-Filho and colleagues [62] reported 
on patients diagnosed before the routine use of che-
motherapy in node-negative patients and before the 
use of anthracycline plus taxane chemotherapy.
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Table 13.3 Clinical features, treatment and survival of TNBC and non-TNBC patients in a MRI-including screening 
study on high-risk women compared with a retrospective study on hospital-based unscreened cohort

STUDY TYPE RETROSPECTIVE STUDY MRI-INCLUDING SCREENING STUDY

TARGET POPULATION
Hospital-based unscreened cohort of 

patients with primary breast cancer
Asymptomatic high-risk women found affected with 

invasive breast cancer

ORGANIZER/ 
STUDY NAME

Women’s College Hospital, Toronto High Breast Cancer Risk Italian Study (HIBCRIT-1)a

STUDY TIME FRAME 1987–1997 [61] 2000–2008 [35, 38, 43]

TOTAL PATIENTS N = 1,601 N = 44

PATIENTS 

Subgroups TNBC Non-TNBC p TNBC Non-TNBC p BRCA1

Number N = 180 N = 1,421 N = 14 N = 30
N = 20 (11 
TNBC, 9 Non-
TNBC)

Percentage
11% (10%–
13%) b

89% (87%–
90%) b

32% (18%–
46%) b

68% (54%–
82%) b

-

Mean age at diagnosis (range) 53.0 years 57.7 years <0.0001
49.0 years 
(36–63)

52.0 years 
(35–72)

0.325
49.1 years 
(36–64)

Risk categories

BRCA1 NP NP 79% (11/14) 30% (9/30) 0.004 100% (20/20)

BRCA2 NP NP 14% (2/14) 23% (7/30) 0.695 -

SFH NP NP 7% (1/14) 47% (14/30) 0.015 -

PROGNOSTIC FACTORS

Mean tumor size (range) 30.0 mm 21.0 mm <0.0001
16.4 mm 
(8–25)

11.9 mm 
(6–35)

<0.007
13.2 mm 
(5–22)

T-status < T2 37% 63% <0.0001 78% 97% 0.078 90%

Pathologic 
subtype

IDC NR NR 86% (12/14) 43% (13/30) 0.010

0.030

70%  (14/20)

IDC  plus DCIS NR NR 7% (1/14) 33% (10/30) 0.076 20% (4/20)

Other NR NR 7% (1/14) 23% (7/30) 0.402 10% (2/20)

Receptor 
expression

ER negative 100%
13% (12%–
15%)

100%c 37% (20%–
54%)b <0.001

80% (63%–
98%)b

PR negative 100%
25% (22%–
27%)

100%c 40% (23%–
58%)b <0.001

85% (62%–
97%)b

HER2 positive 0%
16% (14%–
19%)

0%c 47% (29%–
65%)b 0.002

30% (12%–
54%)b

Histologic grade 3
66% (59%–
73%)

28% (25%–
31%)

<0.0001
86% (57%–
98%)

53% (34%–
72%)

0.049
75% (51%–
91%)

Nodal status negative
45% (37%–
52%)

54% (51%–
57%)

0.02
92% (64%–
100%)

65% (44%–
83%)

0.120
89% (67%–
99%)

(continued)

The first comparative analysis of phenotype 
characteristics and survival rates of TNBCs versus 
non-TNBCs diagnosed in high-risk women during 
a prospective MRI-including screening study has 
been recently reported [43] using data from eigh-
teen Italian centers [35, 38]. The study, conducted 

on a cohort of 501 asymptomatic high- risk women 
and based on the results of 1,592 annual screening 
sessions including mammography, ultrasonogra-
phy, and MRI, was performed in the context of the 
High Breast Cancer Risk Italian 1 (HIBCRIT-1) 
project funded by the Italian Ministry of Health 
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Table 13.3 (continued)

TREATMENT

Primary surgery
therapy d

NR NR 21% (3/14) 57% (17/30)
0.050

35% (7/20)

Uni- or bilateral 
mastectomy d

NR NR 79% (11/14) 43% (13/30) 65% (13/20)

Prophylactic 
surgery

CPM NR NR 43% (6/14) 10% (3/30) 0.019 40% (8/20)

Adjuvant 
chemotherapy

Yes 49% 25%

<0.0001

100% 44%

<0.001

89%

No 51% 74% 0% 56% 11%

Unknown N = 3 N = 20 N = 1 N = 3 N = 1

OUTCOME

Follow-up time from diagnosis 7.9 years e 8.9 years e <0.004 9.0 years f 9.8 years f 0.668 8.2 years f

Breast cancer-related deaths 42% 28% <0.0001 14% (2/14) 13% (4/30) 1.000 10% (2/20)

Mean time from diagnosis to death 4.2 years 6.0 years <0.0001 3.7 years 4.9 years NC  g 4.7 years

5-year overall survival See Fig. 13.3 panel a 

See Fig. 13.3 panel b 

86% ± 9% 93% ± 5% 0.946 i 89% ± 7%

Risk of death within 5 years
HR 3.2 (2.3–4.5)h 

TNBC versus non-TNBC 
<0.001 - - -

5-year disease-free survival 77% ± 12% 76% ± 8% 0.216i 73% ± 10%

Risk of local recurrence 
within 5 years

HR 1.5 (1.0–2.5)h 
TNBC versus non-TNBC 

0.08 - - -

Risk of distant recurrence 
within 5 years

HR 2.6 (2.0–3.5)h 
TNBC versus non-TNBC 

<0.0001 - - -

a non-randomized prospective screening study including annual mammography, ultrasonography, and MRI examinations; 501 
enrolled asymptomatic high risk women, 1,592 screening sessions; 44 patients found affected with invasive breast cancer; 
follow-up lasted until 2015 (median follow-up time 9.7 years)
b 95% confidence interval
c receptor expression in the TNBC subset: ER expression, <1% in 13 of 14 and 1% to 10% in 1 of 14 patients; PR expression, 
<1% in 12 of 14 and 1% to 10% in 2 of 14 patients; HER2 expression, score 0 in 12 of 14 and score 1 in 2 of 14 patients
d surgery at the screening breast cancer event 
e mean value
f median value
g sample size too small for statistical comparison
h Cox model
i log-rank test

Abbreviations: BRCA1 BRCA1 mutation carriers, BRCA2 BRCA2 mutation carriers, CPM contralateral preventive mastectomy,
DCIS ductal carcinoma in situ, ER estrogen receptor, HER2 human epidermal growth factor receptor 2, HR hazard ratio, 
IDC invasive ductal carcinoma, NC not calculated, NP not performed, NR not reported, PR progesterone receptor, 
SFH strong family history for breast and/or ovarian cancer

Breast conserving 

STUDY TYPE RETROSPECTIVE STUDY MRI-INCLUDING SCREENING STUDY

ORGANIZER/ 
STUDY NAME

Women’s College Hospital, Toronto High Breast Cancer Risk Italian Study (HIBCRIT-1)a

TOTAL PATIENTS N = 1,601 N = 44

PATIENTS 

Subgroups TNBC Non-TNBC p TNBC Non-TNBC p BRCA1

Number N = 180 N = 1,421 N = 14 N = 30
N = 20 (11 
TNBC, 9 Non-
TNBC)

Percentage
11% (10%–
13%) b

89% (87%–
90%) b

32% (18%–
46%) b

68% (54%–
82%) b

-
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Fig. 13.3 Kaplan-Meier survival analyses carried out to 
compare breast cancer–specific survival and recurrence- 
free survival of TNBCs versus non-TNBCs in either a 
hospital-based cohort of unscreened patients diagnosed 
with primary invasive breast cancer (top panels; ref. 61) or 
in high-risk women found affected with invasive breast 
cancer during the MRI-including screening HIBCRIT-1 
study (bottom panels; ref. 43). Top panels: rates of breast 

cancer–specific survival (panel a) and distant recurrence 
(panel b) [reproduced with permission from R. Dent et al 
(2007) Clin Cancer Res;13:4429–4434]. Bottom panels: 
rates of breast cancer–specific survival (panel c) and rates 
of either local or distant disease–free survival (panel d) 
[reproduced with permission by the Authors F. Podo et al 
(2016) Clin Cancer Res;22:895–904]

and coordinated by the Istituto Superiore di Sanità, 
Rome, from June 2000 to March 2008. Survival 
data were collected with a median follow-up of 
9.7 years until June 2015 [43]. The cohort included 
either proven BRCA1 (n = 184) or BRCA2 muta-
tion carriers (n  =  146), first-degree relatives of 
BRCA1 or BRCA2 mutation carriers (n = 12), or 
women with a strong family history of breast or 
ovarian cancer (SFH) in the absence of an identi-
fied deleterious gene mutation (n = 159). Overall, 
cancers were detected in 52 women, 44 of them 
(85%) invasive cancers and 8 (15%) DCIS. The 
44 cases of invasive cancer were detected in 20 

women with BRCA1 mutations (45%), in 9 with 
BRCA2 mutations (21%), and in 15 women with 
SFH (34%). With respect to sensitivity, MRI sig-
nificantly outperformed mammography (90% 
versus 43%), ultrasonography (61%), and the com-
bination of mammography and ultrasonography 
(66%), without significant differences between the 
TNBC and non-TNBC subsets. The proportion of 
cancers detected by MRI only was 25% among 
TNBCs and 31% among non-TNBCs.

The 44 invasive cancers (41 screen-detected 
and 3 interval) included 14 TNBCs (32%) and 
30 non-TNBCs (68%). The two subsets did not 
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show significant differences for age at diagnosis, 
menopausal status, prophylactic oophorectomy, 
induced menopause, or previous breast cancer 
(which had occurred in about 50% of both sub-
groups). Of note, all three interval cancers were 
BRCA1-associated TNBCs.

The distribution of patients in different breast 
cancer risk categories differed with high statistical 
significance, between the TNBC and non- TNBC 
subsets. In particular, 79% (11/14) of TNBCs were 
associated with a deleterious BRCA1 mutation 
(Fig. 13.4, panel a), while non- TNBCs were sig-
nificantly less likely to be BRCA1-related (30%, 
9/30). Notably, about 50% (11/20) of BRCA1-
associated breast cancers were TNBCs (Fig. 13.4, 
panel b). The breast cancer patients who had 
been enrolled for SFH (n = 15) were mostly diag-
nosed with non-TNBCs (93%). Furthermore, 
SFH patients represented a significantly higher 
proportion of the non-TNBC subgroup (47%, 
14/30) than the TNBC subgroup (7%, 1/14). The 
nine patients with a BRCA2 mutation were more 
likely to develop non- TNBCs (78%), but, due to 
the small subgroup size, this trend did not reach 
statistical significance.

Regarding prognostic factors, TNBCs 
detected in HIBCRIT-1 had a significantly larger 
mean tumor size (16 ± 5 mm) than non-TNBCs 
(12 ± 6 mm), a higher percentage of invasive dis-
ease in the tumor mass (invasive ductal cancer 
[IDC], 86% versus 43%), and a higher propor-
tion of grade 3 IDCs (71% versus 23%). Despite 
the significantly larger mean tumor size and other 
phenotype characteristics indicative of greater 
cancer aggressiveness, the TNBC subgroup 
showed a non-significant tendency toward lymph 
node negativity (92% versus 65%, p  =  0.120). 
This feature was in general agreement with the 
reported disruption of the positive correlation 
between breast tumor size and nodal status in 
BRCA1-related breast cancers [67].

Data reported in Table 13.3 show that, despite 
the unavoidably different size of the patient 
cohorts, some significant differences could be 
appreciated in the prognostic factors of both 
the TNBC or non-TNBC subsets reported in the 
prospective HIBCRIT-1 screening study (2000–
2008) [43] versus the corresponding subsets of 
unscreened patients diagnosed at the Women’s 
College Hospital, Toronto (1987–1997), reported 
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Fig. 13.4 Distribution of the HIBCRIT-1 high-risk 
patients between the TNBC and non-TNBC subsets (panel 
a) and percentages of TNBCs (and non-TNBCs) in differ-
ent breast cancer risk categories (panel b) (from data in 
ref. 43). Abbreviations: BRCA1, asymptomatic women 
enrolled in HIBCRIT-1 for proven deleterious BRCA1 
mutation and found affected with invasive breast cancer; 
BRCA2, asymptomatic women enrolled for proven delete-
rious BRCA2 mutation and found affected with invasive 

breast cancer; SFH, asymptomatic women enrolled for 
strong family history of breast or ovarian cancer in the 
absence of tested or identified deleterious gene mutations 
and found affected with invasive breast cancer. Statistical 
significance of differences: panel a, ∗∗∗ p  =  0.004, ∗∗ 
p  =  0.015, ns, non-significant difference (evaluated by 
Fisher exact test); panel b, $ significant difference; ns, 
non-significant difference (evaluated from the lack of 
overlap of 95% Cls)

F. Podo et al.



217

in the retrospective hospital-based study by 
Rebecca Dent and colleagues [61]:

 1. A threefold higher percentage of TNBCs in 
HIBCRIT-1 (32% versus 11%), as expected for 
a cohort enriched in BRCA1 mutation carriers

 2. Higher levels of tumor aggressiveness in 
HIBCRIT- 1 non-TNBCs, as detected by higher 
percentages of ER negativity (37% versus 
13%), and grade G3 tumors (53% versus 28%), 
and even, surprisingly, a substantially higher 
rate of HER2 positivity (47% versus 16%)

 3. A trend toward a higher percentage of histo-
logic grade 3 tumors in HIBCRIT-1 TNBCs 
(86% versus 66%)

 4. A substantially smaller mean tumor size in 
both the TNBC and non-TNBC subsets in the 
HIBCRIT-1 screening study (16.5 mm versus 
30.0  mm and 11.9  mm versus 21.0  mm, 
respectively)

Overall, the data reported in Table 13.3 favors 
the hypothesis that an intensive MRI-including 
screening may allow an earlier detection of both 
TNBCs and non-TNBCs in high-risk women, 
despite the more aggressive tumor phenotypes 
generally exhibited by both subsets in high-risk 
women, compared with the corresponding sub-
sets in the general population.

Regarding treatment, TNBCs had a higher rate 
of therapeutic mastectomy (79%) versus 43% 
in non-TNBCs, (p = 0.050), and significantly 
higher rates of CPM (43% versus 10%, p = 0.019) 
and adjuvant chemotherapy (100% versus 44%, 
p < 0.001). No patients received neoadjuvant che-
motherapy. No similar full sets of data are pres-
ently available comparing treatment for TNBC 
and non-TNBC subsets in hospital-based cohorts 
of unscreened women in the general patient popu-
lation, within similar observation time intervals.

Patient outcomes were evaluated in the 
HIBCRIT-1 study with an overall median follow-
 up time of 9.7  years (with a median 9.0-year 
follow- up for TNBCs and a median 9.8  year-
follow-up for non-TNBCs, without significant 
differences between the two subsets). No patients 
were known to have died of non-breast cancer–
related causes at the time of reporting.

Metastatic spread and death occurred for 14% 
(6/44) of all patients, 14% (2/14) of TNBCs (1 
BRCA1, 1 BRCA2 with times from diagnosis to 
death of 4.5 and 3.0 years, respectively) and 13% 
(4/30) of non-TNBCs, including 1 BRCA1 (who 
died at 4.9 years after diagnosis), 1 BRCA2 (who 
died at 5.7 years), and 2 SFH (who died at 1.5 and 
9.8 years, respectively). These results showed for 
the first time that screening MRI (combined with 
proper treatment) could decrease the percentage 
of TNBC-related deaths to a value comparable to 
that of non-TNBC-related deaths. Since 4 of these 
6 deaths were in patients with a previous history 
of breast cancer (2 TNBCs and 2 non- TNBCs), 
recurrences from the original breast cancer might, 
in principle, lead to underestimating the benefit of 
screening MRI on survival and even act as a con-
founding factor in estimating the relative survival 
of TNBCs versus non-TNBCs. A detailed analy-
sis of data from patients who died from metastatic 
breast cancer in the TNBC and non-TNBC sub-
groups, reported in the original paper (Table 3 in 
ref. 43), shows, however, that the original breast 
cancer was unlikely to have been the cause of 
recurrence for at least two of these patients: one 
BRCA1 mutation carrier, who had a left medullary 
carcinoma (with mastectomy) at 39 years of age, 
a right IDC (TNBC with mastectomy) at 56 years 
during the HIBCRIT screening and died 4.5 years 
later; and one BRCA2 mutation carrier who had a 
right ILC with mastectomy at 39 years, followed 
by a left IDC + DCIS (a non-TNBC with mastec-
tomy) at 55 years during the HIBCRIT study and 
died 5.7  years later. Recurrence from the origi-
nal cancer could not a priori be excluded for the 
other two patients, one BRCA2 mutation carrier 
with previous IDC (with mastectomy) at 36 years, 
contralateral IDC (TNBC, with mastectomy) at 
39 years, who died 3 years later; and one woman 
with SFH who had an IDC (with conserving sur-
gery) at 37 years, followed by bilateral IDCs (both 
non-TNBC) at 39 years, who died 1.5 years later. 
An accurate evaluation of the impact of the pre-
vious history of breast cancer on the benefit of 
screening MRI on the survival of TNBCs and non-
TNBCs would, of course, require larger cohort 
sizes and knowledge of the TNBC or non- TNBC 
classification of the previous cancer.
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The 12 TNBC survivors were alive with no evi-
dence of disease at their respective latest follow- up 
date (ranging from 7.5 to 12.0 years from diagno-
sis). Twenty-five non-TNBC survivors were alive 
with no evidence of disease at their latest follow-
up date (ranging between 6.1 and 13.7 years from 
diagnosis); only one non-TNBC patient was lost 
to follow-up at 6 months from diagnosis, follow-
ing bilateral mastectomy. The three patients with 
TNBCs detected as interval cancers during the 
study were all alive with no evidence of disease 
at their latest follow-up date (ranging between 8.0 
and 12.0 years from diagnosis).

The Kaplan-Meier curves for BCS-OS of 
TNBC and non-TNBC patients diagnosed in the 
HIBCRIT-1 study are compared in Fig.  13.3, 
panel c. The 5-year BCS-OS survival rate was 
86% ± 9% (mean ± standard error) for TNBCs and 
93% ± 5% for non-TNBCs, with no significant dif-
ference between the two subsets. It was 91% ± 4% 
for the overall cohort of 44 patients, 89% ± 7% for 
the 20 patients with a proven BRCA1 mutation, 
and 93% ± 6% for the 15 SFH patients, without a 
significant difference between the two subgroups. 
For the 9 patients with a proven BRCA2 mutation, 
the 5-year overall survival rate was 89% ± 11%.

In addition to the distant recurrences men-
tioned above, there were two loco-regional 
relapses for two TNBC patients (one ipsilat-
eral at 3.9  years from diagnosis and one axil-
lary metastasis at 1.8 years followed by distant 
metastasis at 4.5 years) and eleven relapses for 
eight non- TNBC patients (three ipsilateral at 
0.4, 8.0, and 9.5 years; one axillary metastasis 
at 2.8  years and seven contralateral cancers at 
1.1, 3.6, 4.6, 6.6, 7.1, 8.0, and 8.3 years). The 
Kaplan-Meier curves for the overall progres-
sion-free survival are shown in Fig. 13.3, panel 
d. The 5-year disease- free survival rate was 
77% ± 12% for TNBC and 76% ± 8% for non-
TNBC patients, without significant difference 
between the two subsets, while that of patients 
with proven BRCA1 mutation was 73% ± 10%. 
The Kaplan-Meier curves (and survival rates) 
for DDFS of TNBC and non- TNBC patients in 
the HIBCRIT-1 study were practically overlap-
ping with those obtained for BCS-OS (Fig. 13.3, 
panel c), due to the rapid progression (within 
3-to-8 months) from the date of the first report 

of distant recurrence detection to that of patient 
death in both subgroups.

Despite the limitations due to restricted subset 
sizes, this study provided the first evidence that 
an intensive MRI-including screening program 
for high risk women, combined with appropri-
ate therapy, could abolish the current disparity in 
outcome between TNBC and non-TNBC high- 
risk women, in spite of the more aggressive 
tumor characteristics of the former subset. The 
improved survival rates of TNBCs up to levels 
commonly reported for non-TNBCs could derive 
from multiple different factors such as:

 1. The beneficial effect of an earlier tumor detec-
tion by MRI

 2. The higher sensitivity of BRCA1-associated 
tumors to chemotherapy, due to impaired 
mechanisms of DNA repair [57, 59, 60, 68]

 3. The frequent use for TNBCs of more aggressive 
treatment protocols, including adjuvant chemo-
therapy, as well as therapeutic mastectomy and 
CPM, even in the case of negative nodal status

To distinguish among these factors in the 
absence of RCTs is highly challenging. While the 
second factor is biologically fixed, the other two 
factors are dependent upon screening and thera-
peutic options. However, we confirm not only 
for the MRI screening but also for the therapy 
options the ethical and practical impossibility of 
performing RCTs that would include a “control” 
arm deprived of MRI and/or modern therapies.

13.7  Which Further Research?

Given the fact that RCT data will never be avail-
able, there is an emergent need for cooperative 
efforts devoted to the accrual of larger data sets 
and integrated individual patient meta-analy-
ses of long-term follow-up data collected from 
cohorts of high-risk women. Important issues to 
be considered in this effort include:

 1. Relevant differences in MRI sensitivity across 
the different studies from about 70% to over 
90–95%, with a trend over time for higher 
sensitivities
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 2. Heterogeneous rates of hormonal treatment 
and chemotherapy, especially in the case of 
negative nodal status

 3. Heterogeneous rates of mastectomy versus 
breast conserving surgery for detected 
cancers

 4. Heterogeneous rates of prophylactic contra-
lateral mastectomy

 5. Heterogeneous rates of prophylactic bilateral 
mastectomy

 6. Heterogeneous rates of oophorectomy

Differences in systemic and surgical treat-
ment compound differences among the poten-
tial control groups who may be receiving only 
conventional imaging screening (mammogra-
phy with/without supplemental ultrasound) or 
no screening at all. Moreover, results may not 
be generalizable to current practice due to treat-
ment changes over time. How to manage these 
challenges is a matter for open discussion. The 
general future condition is to establish a strong 
international network of institutions that can 
dedicate specialized personnel to cooperative 
research projects.

A rich source of data on the outcomes of 
MRI- screened women in the era of modern 
systemic therapy will be the population-based 
high-risk screening program started in the prov-
ince of Ontario (OBCP), Canada, in 2011 for 
women with an estimated lifetime breast cancer 
risk of 25% or higher based on genetic status, 
family history, or therapeutic chest radiation 
before age 30. These high-risk women receive 
annual MRI plus mammography starting at age 
30 until age 69 [69]. To the best of our knowl-
edge, this is the only program of this type in the 
world and, with 26 participating imaging sites 
of widely varying types (new or experienced, 
rural or urban, academic or community) as well 
as a wide variation in the sites to which patients 
with cancer are referred for treatment. The 
results should be rigorous (with patients rarely 
lost to follow-up) and highly generalizable to 
the “real world” setting. Interesting data were 
very recently reported by OBSP on perfor-
mance measures of MRI plus mammography in 
a cohort of 8,782 women (280 screen-detected 
cancers from July 2011 to June 2015) [70]. This 

study allowed first evaluations of the different 
levels of effectiveness in using mammography 
as an adjunct to MRI for screening high-risk 
women in different age intervals. Further prog-
ress in this program is expected to impact on 
secondary prevention, cancer management and 
survival of high-risk women, especially muta-
tion carriers.
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14.1  Introduction

Chest radiation therapy (CRT) is largely used to 
treat malignancies, in particular Hodgkin lym-
phoma (HL), in childhood, adolescence, and 
young adulthood that is in subjects aged up to 
39 years. It exposes to a high risk of developing 
a secondary malignant neoplasm, a risk higher 
than that of developing a cancer in the general 
population [1]. Breast cancers (BCs) are the most 
common solid tumors among women survivors 
of childhood HL [2]. In the last decades, thanks 
to the use of smaller involved fields, lower radi-
ation doses, and combined therapy using less 
toxic chemotherapy regimens, the incidence 
of secondary BC is expected to decline among 
female HL survivors [3]. Nevertheless, in this 
population the risk of BC still remains high [4], 
similar to that of BRCA mutations carriers, thus 
requiring a surveillance more intensive than that 
proposed to the general female population.

Several guidelines agree on recommending 
yearly mammography and breast magnetic res-
onance imaging (MRI) for screening BC after 
CRT even if there is a lack of uniformity for the 
specific radiation doses and time intervals to be 
considered [5]. A relevant and not negligible 
concern also regards who should actually fol-
low this patients after completion of the therapy, 
if the pediatric oncologist, adult oncologist, or 
primary care providers, a confusion leading to 

R. M. Trimboli (*) 
Department of Biomedical Sciences for Health, 
Università degli Studi di Milano, Milan, Italy
e-mail: rubina.trimboli@unimi.it 

G. Mariscotti 
Radiologia 1U, Dipartimento di Diagnostica per 
Immagini, A.O.U. Città della Salute e della Scienza 
di Torino, Università di Torino, Turin, Italy

14

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-41207-4_14&domain=pdf
https://doi.org/10.1007/978-3-030-41207-4_14#DOI
mailto:rubina.trimboli@unimi.it


224

an inadequate late-effect surveillance and to a 
lack of adhesion to screening programs.

The purpose of this chapter is to discuss the 
incidence of secondary malignancies after CRT, 
focusing on BC, to describe clinicopathological 
and imaging features of secondary BCs after CRT, 
and to define the best strategies for imaging surveil-
lance for BC in these women. Even though in the 
literature the term second BC is sometimes used 
for those BCs newly diagnosed after CRT, all over 
the chapter the term secondary BC will be used 
(with reference to any primary neoplasm treated 
with CRT), to avoid any confusion with second 
BCs diagnosed after a first previous treated BC.

14.2  Secondary Malignancies 
After CRT

Thanks to effective therapies that mainly consist 
of associated radiation and chemotherapy, HL cur-
rently shows an excellent prognosis. In the last 
decades, these therapies improved dramatically 
to reduce toxicities and increase survival, mainly 
shifting from extended radiation fields to smaller 
target volumes, including only clinically involved 
lymph node regions and less toxic chemother-
apy regimens, limiting the use of anthracycline- 
containing and alkylating agents. However, CRT 
represents the main concern for HL survivors to 
develop secondary malignancies that actually are 
the leading cause of death in this population.

The most common locations of second-
ary malignancies were reported to be the breast 
(18%), lung (15%), prostate (8%), skin (8%), 
and bone marrow (7%) [6]. A meta-analysis by 
Ezzeldin M.  Ibrahim and coworkers on the risk 
of secondary BC in female HL survivors was 
published in 2012 [7], including 34 studies and 
25,305 women diagnosed with HL at a median 
age of 27.3 years and with a median follow-up of 
14.5 years. A total of 957 BCs were diagnosed at a 
median age of 35.0 years for a median interval of 
17.7 years from HL diagnosis. Patients with HL 
turned out to have an about eightfold increased 
risk of BC, with a relative risk (RR) of 8.23 (95% 
confidence interval [CI] 5.43–12.47). A signifi-
cant inverse correlation was found between RR 
and age at diagnosis and a positive relation to 
latency since HL treatment. Chaya S. Moskowitz 

and coworkers [8] reported a 35% risk of BC by 
age 50 for female HL survivors, comparable to 
the 31% risk of BRCA1 mutation carriers.

Age at irradiation is the most important risk 
factor for a secondary BC. Women treated around 
puberty, i.e., at 10–16 years, have the highest risk, 
possibly due to the amplification of tumorigenic 
effect of radiation on the proliferating breast cells 
[2]. The risk of having a secondary BC increases 
as the time since irradiation progresses, starting 
5–9 years post-CRT, peaking at 15–19 years, and 
being still elevated 35 years or more after treat-
ment [4, 7].

Michael Schaapveld and coworkers [4] 
reported a cumulative incidence of any second-
ary cancer, including the myelodysplastic syn-
drome, of 33.2% (95% CI 31.1–35.3%) in a 
cohort of 3,905 HL survivors, as compared with 
the expected cumulative cancer incidence of 
9.6% in the general population; at 40 years, the 
incidence was 48.5% (95% CI 45.4–51.5%). The 
cumulative incidence of BC at 30 years among 
women was 16.6% (95% CI 14.1–19.2%) versus 
4.1% (95% CI 2.9–5.6%) cumulative incidence 
of lung cancer.

The risk of secondary BC is positively correlated 
with the radiation dose. Women receiving >37 Gy 
resulted to have approximately 4.5  times the risk 
of secondary BC compared with those receiving 
<4Gy [2]. Nevertheless, some authors highlighted 
that patients treated with higher radiation doses 
also had longer follow-up, possibly explaining the 
larger incidence of BC following high doses [7]. 
Also the field size influences the risk of develop-
ing a secondary BC. Mantle radiation therapy was 
associated with an almost three times higher BC 
risk compared to smaller radiation volumes [8, 
9]. Importantly, a lower radiation dose to a larger 
field, such as whole lung irradiation for metastatic 
Ewing’s sarcoma, has been shown to confer a risk 
similar to a higher dose to a relative smaller field 
[8]. Thus, irradiation dose and field interact with 
each other modeling the risk of developing second-
ary cancers. Interestingly, in the meta-analysis by 
Ezzeldin M.  Ibrahim and coworkers [7], the RR 
of combined RT and any computed tomography 
examination was only slightly higher than that 
associated with RT only [7]. Moreover, early meno-
pause subsequent to pelvic RT or chemo- toxic 
regimens, in particular alkylating agents, seems to 
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reduce the risk of secondary BC, highlighting the 
role of hormone stimulation in radiation- induced 
breast carcinogenesis [7].

Finally, other contributing factors such as 
family history of breast or ovarian cancer, BC 
predisposing genes, or a particular susceptibil-
ity to radiation and/or chemotherapy may favor 
the development of a second BC in HL survi-
vors (see Chap. 12). Fortunately, a trend toward 
a less invasive radiation therapy is contributing 
to a declining incidence of secondary BC among 
female survivors of HL [3, 9], but the continu-
ous increase in cancer survival rate makes the 
absolute number of survivors to be very high and 
follow-up care thus increasingly important.

14.3  Clinicopathological 
and Imaging Features of BCs 
After CRT

Compared to female general non-exposed popula-
tion, secondary BCs after CRT present at a younger 

age (40 versus 61  years) on average [10]. They 
are mainly invasive ductal carcinomas, but ductal 
carcinomas in situ (DCIS) have been reported in 
up to 50% [11]; they are more commonly estro-
gen receptor (ER) negative, triple negative, and 
high grade, while human epidermal growth factor 
receptor 2 (HER2) amplification is present at a rate 
similar to that of the primary sporadic BCs [2].

These findings suggest that CRT supports 
a more aggressive phenotype and a subsequent 
poor prognosis. Bilateral BCs occur more often 
with respect to sporadic BCs (6–34% versus 0.3–
3%) and in up to 50% of cases are synchronous 
[2]. As reported by Steven D. Allen and cowork-
ers [12], the most frequent locations are the upper 
outer quadrants (67% versus 49% in historical 
controls of general population BCs) and, to a 
lesser extent, lower inner quadrants (11% versus 
8%, respectively) [12] (Fig. 14.1). BCs in these 
patients resulted to be located within or at the 
margin of the radiation field [7, 11].

Imaging features have been more extensively 
described for mammography than for MRI and 
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Fig. 14.1 Location of 
192 secondary BCs after 
CRT visible on 
mammogram. Note the 
high number of BCs in 
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2014 [12])
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ultrasonography. Irregular masses were described 
to be the most common imaging feature (57% of 
tumors) at mammography, followed by microcal-
cifications (25% of tumors) [12]. High-density 
breast tissue was identified in most cases, also 
given the early onset of BC in those patients [13] 
(Figs. 14.2 and 14.3).

The sensitivity of mammography and MRI 
reported in the four major published studies 
[14–17] is shown in Table 14.1 together with the 
frequency of MRI false-negative cases, mainly 
due to DCIS with microcalcifications detected by 
mammography.

a

b c

Fig. 14.2 47-year-old woman with previous Hodgkin 
lymphoma (stage IIa) treated at age 20 with CRT (mantle 
field + inverted-Y field, 36 Gy + 36 Gy) and chemother-
apy. (a) Mammography (bilateral standard two view): at 
the upper outer quadrant of the right breast, a 5-mm mass 
lesion with circumscribed margins (white boxes) was 

detected. Subtracted MRI axial (b) and sagittal (c) images 
confirmed the 5-mm mass lesion at the upper outer quad-
rant. The patient underwent percutaneous needle biopsy 
and subsequent surgical excision: pathology demonstrated 
a 6-mm intermediate grade invasive ductal carcinoma
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a

b

Fig. 14.3 32-year-old woman with previous non-Hodg-
kin lymphoma type B treated at age 14 with CRT (medi-
astinal field, 29 Gy) and chemotherapy. (a) Mammography 
(bilateral standard two view) shows at the upper quadrants 
of the right breast a 36-mm mass with irregular margins 
associated with pleomorphic microcalcifications (biopsy-
proven invasive ductal carcinoma), at the left breast in the 
inner quadrants, two masses with circumscribed margins 
(both biopsy-proven B3 lesions). MRI: (b) axial maxi-
mum intensity projection; (c) right and (d) left sagittal 
maximum intensity projection images. A high background 
parenchymal enhancement with numerous non-specific 

foci is visible in the left breast. MRI confirmed in the right 
breast the large mass lesion with irregular margins and in 
the left breast the two mass lesions with circumscribed 
margins. The patient underwent bilateral mastectomy: 
pathology demonstrated a 40-mm high-grade invasive 
ductal carcinoma with DCIS component in the right breast 
and fibroadenomas associated to papillomatosis and mul-
tiple foci of low-grade cribriform DCIS in the left breast. 
(MRI images courtesy of Dr. Laura Martincich, 
Radiodiagnostics, Research Hospital (IRCCS) Candiolo 
Cancer Institute, Turin, Italy)
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14.4  Surveillance

International guidelines from the European 
Society of Breast Cancer Specialists (EUSOMA) 
[18], the American Cancer Society (ACS) [19], 
the Children’s Oncology Group (COG) [20], and 
the National Comprehensive Cancer Network 
(NCCN) [21] all recommend annual mam-
mography and breast MRI for screening after 
CRT.  However, the specific radiation exposure 
and time intervals of testing differ among docu-
ments: COG refers to patients exposed to more 
than 20 Gy of chest radiation and starts at 25 years, 
while NCCN does not refer to radiation dose and 
starts 8–10 years after radiation (Table 14.2). A 
recent investigation [5] directly compared guide-

line recommendations, supporting the call for 
harmonization among them. The authors finally 
recommend to refer to COG guidelines, being 
the most comprehensive and also referenced by 
the NCCN guidelines: yearly mammography and 
MRI are recommended beginning 8  years after 
CRT or at 25 years of age, whichever occurs last.

The Italian College of Breast Radiologists of 
the Italian Society of Medical Radiology (SIRM) 
firstly introduces digital breast tomosynthesis 
(DBT) with synthetic  two- dimensional recon-
structions as an alternative to mammography, to 
be equally annually performed [1]. Authors also 
state that mammography or DBT and MRI can 
be performed at once (preferably during only one 
visit) or alternately every 6 months, considering 

c d

Fig. 14.3 (continued)

Table 14.1 Reported sensitivities of mammography and MRI for BC surveillance after RCT

First author, year 
[reference]

Number 
of patients

Cancers 
detected

MRI-only 
cancers

MRI 
sensitivity

MG 
sensitivity

MRI
False negatives

MRI
ICD

MRI + MG 
sensitivity

Tieu, 2014 [14] 96 10 3 80% 70% 2 DCIS NA 100%
Freitas, 2013 [15] 98 13 12 92% 69% 2 DCIS 4.1% NA
Ng, 2013 [16] 148 18 5 67% 68% 5 DCIS, 1 IDC NA 94%
Sung, 2011 [17] 91 10 7 67% 67% 3 DCIS 4.4% NA

Abbreviations: MG Mammography, ICD Incremental cancer detection rate, DCIS Ductal carcinoma in situ, IDC 
Invasive ductal carcinoma, NA Not available

R. M. Trimboli and G. Mariscotti



229

local conditions, and that MRI has to be reported 
using the Breast Imaging reporting and Data 
System (BI-RADS) [22] both overall and for indi-
vidual findings. Moreover, when the age for enter-
ing a population screening program is reached, the 
recommendation is to discuss with women their 
individual risk profile, to opt for the only mam-
mography or DBT screening or for continuing the 
intensive protocol including MRI [1]. Notably, 
EUSOMA guidelines recommend caution in per-
forming mammography before 35  years of age 
because of an unfavorable cost-benefit ratio [18].

Notably, in BRCA mutation carriers and also 
in women with a strong family history of BC 

with unknown mutational status, MRI has been 
demonstrated to outperform mammography 
and ultrasonography and to be able to work as 
a stand-alone method [23]. This is especially 
true for BRCA1 mutation carriers, as shown by a 
recent individual patient data meta-analysis [24], 
and as the reader can extensively verify in Chaps. 
9, 10, and 11. Conversely, in women who under-
went CRT, MRI sensitivity has been reported to 
be relatively lower (63–80%) and that of mam-
mography relatively higher (67–70%) than those 
observed in women with hereditary predispo-
sition, due to a higher incidence of DCIS with 
microcalcifications [11] (Fig. 14.4) and low neo-

Table 14.2 Available recommendations for BC surveillance of women after CRT

Medical body [reference] Patients population
Suggested surveillance
Time interval Strategy

American Cancer 
Society [19]

Chest radiation between age 10 
and 30 years of age

NA Yearly MG + MRI

Children’s Oncology 
Group [20]

Children, adolescents, and 
young adult cancer survivors 
exposed to more than 20 Gy of 
chest radiation

Starting 8 years after 
radiation or 25 years of 
age, whichever occurs 
last

Yearly MG + MRI
Monthly breast self-exam 
beginning at puberty
Yearly breast exam until 
25 years of age then every 
6 months

European Society of 
Breast Cancer Specialists 
(EUSOMA) [18]

Women who have had previous 
mantle radiotherapy before age 
30 (e.g. for Hodgkin disease),

Starting 8 years after 
their treatment

Yearly MRI

Italian College of 
Breast Radiologists by 
SIRM [1]

Chest radiation ≥10 Gy before 
30 years of age

25 years of age or 8 years 
after radiation

Yearly MG or DBT and 
MRI
Dedicated interview about 
individual risk profile and 
potential of different breast 
imaging modalities

National Comprehensive 
Cancer Network-AYA 
[21]

Patients diagnosed with cancer 
at 15–39 years

Starting 8 years after 
radiation or 25 years of 
age, whichever occurs 
last

Yearly MG + MRI

National Comprehensive 
Cancer Network-Site 
[21]

Patients with osteosarcoma, 
acute lymphoblastic leukemia 
and Hodgkin lymphoma; age 
not listed

Starting 8–10 years after 
radiation or 40 years of 
age, whichever occurs 
first

Yearly MG + MRI

National Comprehensive 
Cancer Network- 
Survivorship/DPRR [21]

Cancers survivors; age not 
listed

Beginning at age 25: 
8–10 years after radiation 
or 40 years of age, 
whichever occurs first

Yearly MG + MRI

Abbreviations: MG Mammography, MRI Magnetic resonance imaging, SIRM Italian Society of Medical Radiology, 
DBT Digital Breast Tomosynthesis, AYA Adolescent and Young Adult Oncology, Site Guidelines for treatment of cancer 
by site, DPRR Guidelines for Detection, Prevention, and Risk Reduction, NA Not available
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angiogenesis. A sensitivity close to 95% can be 
reached only using mammography as an adjunct 
to MRI [1, 16] (Fig. 14.5). Of note, Sung et al. 
reported no relationship between breast density 
and modality of detection [17] (Fig. 14.6). Thus, 
in women who underwent CRT, mammography 
has to be performed as an adjunct to MRI.

While many guidelines exist for BC screen-
ing in women survivors of HL, there is concern 
about their applicability in clinical practice. A 
study from the United States published in 2009 

[25] reported that among 551 women with pre-
vious CRT, 47% of those with 25–39 years of 
age never had a mammogram and only 37% had 
biennial screening mammography, the same 
percentages being 8% and 53% between 40 and 
50 years of age. Importantly, the screening rate 
was higher in the presence of a specific medical 
recommendation. BCs in HL survivors resulted 
to be more likely detected by screening mam-
mography, to be diagnosed at an earlier stage, 
and to less likely have axillary lymph node 

a

d e

b c

Fig. 14.4 28-year-old woman with previous Hodgkin 
lymphoma treated at age 13 with CRT (mantle field, 
36 Gy) and chemotherapy. Mammography: right cranio-
caudal (a), oblique mediolateral (b), and magnification 
view (c). At the lower-inner quadrant, a 5-mm cluster of 
coarse heterogeneous microcalcifications was identified 

(white boxes in a and b). MRI: axial postcontrast (d) and 
subtracted (e) images. No suspicious findings were 
detected. The patient underwent percutaneous needle 
biopsy under stereotactic guidance and subsequent surgi-
cal excision: pathology demonstrated an 8-mm low-grade 
DCIS
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a

b c

d e

Fig. 14.5 55-year-old woman with previous Hodgkin 
lymphoma (stage IIa) treated at age 23 with subtotal nodal 
CRT (mantle field + spade field, 36 Gy + 36 Gy) and che-
motherapy. Mammography, bilateral standard two view 
(a): no suspicious findings were identified in scattered 
areas of fibroglandular tissue. MRI, axial first postcontrast 
(b) and subtracted (c) images; sagittal first postcontrast 

(d) and subtracted (e) images: at the lower-outer quadrant 
of the left breast, a 5-mm lesion was detected; subsequent 
targeted ultrasonography (not shown) confirmed a 5-mm 
heterogeneous hypoechoic mass, which underwent percu-
taneous needle biopsy and surgical excision. Pathology 
demonstrated a 6-mm low-grade tubular invasive 
carcinoma
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a

b c

d e

Fig. 14.6 46-year-old woman with previous Hodgkin lym-
phoma treated 22 years before, at age 24 with CRT (mantle 
field + inverted-Y field, 36 Gy + 36 Gy) and chemotherapy. 
Mammography, bilateral standard two view (a): no suspi-
cious findings were detected in fatty breasts. MRI, axial first 
postcontrast (b) and subtracted (c) images, sagittal first post-

contrast image (d): at the outer quadrants of the left breast, a 
5-mm focus of enhancement was identified. Subsequent 
targeted ultrasonography (e) showed a heterogeneous 
hypoechoic mass (white arrow), which underwent percuta-
neous needle biopsy and surgical excision. Pathology dem-
onstrated a 10-mm high-grade invasive ductal carcinoma
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involvement compared to patients who had spo-
radic BC [25].

These results play in favor of a potential role of 
early diagnosis, that also is of particular concern 
for the management of these patients after a BC 
diagnosis. As a matter of fact, the management of 
patients who survived a tumor is different from 
the management of patients newly diagnosed 
with a primary tumor. Specifically, in women 
survivors of HL and affected by a secondary BC, 
conserving surgery may no longer be considered 
the option of choice because the breast tissue is 
no longer easy to handle, and because further 
irradiation would not be well tolerated and could 
cause adverse events, including radionecrosis. As 
a consequence, most women with secondary BC 
are managed with mastectomy [2]. The use of 
systemic adjuvant therapy is also limited. Elena 
B. Elkin and coworkers [26] reported an overall 
poorer survival in HL survivors than in patients 
with sporadic BC, but women with screen-
detected BCs turned out to have almost half the 
risk of death of women whose BCs were patient- 
or clinician-detected as a result of symptoms.

There is a need for clear statements from 
medical bodies on who should follow and how 
to follow these patients after completion of CRT, 
whether the pediatrician, the oncologist, or the 
primary care provider, to drive them toward the 
most appropriate surveillance protocol.

14.5  Conclusions

Women who received CRT at a young age have 
a risk of secondary BC comparable to that of 
women carriers of a BRCA deleterious muta-
tion. These cancers have been reported to be 
more aggressive and to have a poorer prognosis 
than sporadic cancers encountered in the general 
female population. Early diagnosis is, therefore, 
crucial also when considering particular issues 
in the therapeutic management of these women. 
Yearly mammography and breast MRI have to be 
recommended starting at least 8  years after the 
end of treatment.

However, we have no data about patient out-
come, survival, or mortality reduction, the last one 

being very difficult to evaluate when considering 
the combination of BC added to lymphoma in the 
woman’s history. Notably, David C. Hodgson and 
coworkers [27] developed a mathematical model 
to estimate the impact of early BC screening on 
mortality among young survivors of childhood 
HL.  They investigated the marginal benefit of 
early-initiated screening starting at age 25 years 
on BC mortality compared with screening initi-
ated at age 40. For survivors treated at 15 years 
of age, the absolute risk of BC mortality by age 
75 years was predicted to decrease from 16.65% 
with no early screening to 16.28% with annual 
mammography, 15.40% (annual MRI), 15.38% 
(same-day annual mammography and MRI), and 
15.37% (alternating mammography and MRI 
every 6 months). One BC death would be avoided 
for every 80 patients invited to have an MRI  – 
including screening. Even though combinations 
of mammography and MRI were predicted to 
produce a 10% false- positive rate between age 
25 and 39 years, the authors concluded that early 
MRI-based screening should reduce BC mortal-
ity among women who underwent radiation ther-
apy for adolescent HL and that the magnitude of 
this benefit is superior to that reported for other 
accepted screening indications.

Clinical breast radiologists must investigate 
the patient’s history and the individual risk pro-
file and inform the woman on the potential of 
different imaging modalities for BC screening 
in this special setting. Efforts should be made 
to educate providers regarding surveillance for 
secondary malignancies in HL survivors, in par-
ticular, BC.
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15.1  Introduction

Clinical trials form the basis of the evidence- 
based medicine. A clinical trial evaluates the effi-
cacy of a new drug, a new surgical/interventional 
procedure, or a new diagnostic imaging or non-
imaging tool. A typical approach to this aim is to 
randomize patients to the two arms of the study 
(new or experimental versus standard or control), 
although uncontrolled trials may be designed 
when randomization is not possible or necessary. 
Uncontrolled trials are more frequent in the imag-
ing world, where a new diagnostic technique is 
typically compared to an established one. If the 
endpoint is limited to diagnostic performance, an 
intraindividual prospective design (with random-
ization of the order of performance of the diag-
nostic techniques) can be more efficient than a 
randomized interindividual design [1].

In Europe, it is a legal requirement to con-
duct clinical trials in accordance with the guide-
lines on good clinical practice coming from the 
International Conference on Harmonization [2]. 
Of note, after these guidelines were issued in 
1996, a decline was observed in the number of 
trials being conducted by independent academic 
groups [3]. At the same time, trial costs increased 
by 85% and insurance costs from 70 million to 140 
million euros. One possible reason is that report-
ing and documentation requirements are now so 
burdensome that the process has become unnec-
essarily complicated [4]. This is rather ironic, 
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given that well-designed clinical trials should be 
amenable to very simple data handling and analy-
sis [5]. Indeed, the flowchart established by the 
CONSORT (Consolidated Standards of Reporting 
Trials) statement [6] for carrying out a properly 
randomized controlled trial only has four steps, 
which supports the approach of keeping it simple.

Evolution in technology and risk management 
offers new opportunities to increase efficiency 
and focus on relevant activities. When the original 
good clinical practice guidelines were prepared, 
clinical trials were performed in a largely paper-
based process. Advances in use of electronic data 
recording and reporting facilitated implementa-
tion of other approaches. For example, centralized 
monitoring can now offer a greater advantage, to 
a broader range of trials than is suggested in the 
original guideline. Therefore, this text has been 
amended in 2016 [7] to encourage implementation 
of improved and more efficient approaches to clin-
ical trial design, conduct, oversight, recording, and 
reporting while continuing to ensure protection of 
enrolled humans and reliability of trial results.

In this setting, instruments that are able to 
discharge researchers from administrative and 
operational tasks are welcome. The conduct of a 
clinical trial is typically coordinated by a prin-
cipal investigator, together with co-investigators 
or local principal investigators in multicenter 
trials. Additionally, several other collaborators 
with different expertise are needed to cover all 
the aspects related to a trial. As an option, the 
principal investigator or the sponsor (if any) may 
also delegate the conduct of the trial to a Contract 
Research Organization.

The fundamental contribution to the trial 
documentation comes from the case report form 
(CRF), the record that reports all the patient data. 
The CRF is derived from the source document, 
which contains original data and records (e.g., 
hospital records, clinical and office charts, labora-
tory notes, subjects’ diaries, radiological exami-
nations, etc.). Source data should be attributable, 
legible, contemporaneous, original, accurate, 
and complete. Changes to source data should be 
traceable, should not obscure the original entry, 
and should be explained if necessary (e.g., via an 
audit trail).

In this chapter, we provide an overview of 
the current information technology systems to 
gather data in the framework of a multicenter 
clinical trial. These approaches are the techni-
cal basis for future multicenter trials concern-
ing screening of high-risk women by imaging 
methods such as magnetic resonance imaging 
(MRI), both in terms of diagnostic performance 
and in terms of patient outcome. In particular, 
we describe the application of an ad hoc locally 
developed system used in a national multicenter 
study (HIBCRIT) [8] devoted to the surveillance 
of women at high risk for breast cancer and of 
a system adopted for an international large mul-
ticenter study of preoperative breast MRI, the 
MIPA study [https://www.eibir.org/initiatives/
euroaim/evidence-based-radiology-wg/].

15.2  The Power of Paperless 
Systems

Traditionally, clinical research studies relied on 
collecting data by hands in paper CRFs, which 
were later entered into a database to create elec-
tronic records and perform statistical analysis. 
Clearly, this method was time-consuming, 
prone to misinterpretation, and basically inef-
ficient especially for multicenter clinical trials, 
which collect paper CRFs through different 
centers, may be all over the world, with a real 
possibility of losing data. These limitations 
found a solution in the electronic data capture 
(EDC) systems, powerful tools reducing study 
times and costs and, importantly, enhancing 
the quality of collected data. Moreover, EDC 
systems allow multicenter studies across the 
world with real-time, incisive, and corrective 
monitoring.

Regulatory bodies in the USA and Europe 
address data protection and privacy, electronic 
data interchange, and the use of computerized 
systems in clinical trials in their regulations and 
directives [9, 10]. Criteria are defined under 
which electronic records and electronic signa-
tures are considered to be trustworthy, reliable, 
and equivalent to paper records. It requires 
 implementation of controls, including system 
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validations, audit trails, electronic signatures, 
and documentation for software and systems 
involved in processing electronic data to ensure 
the authenticity, integrity, and confidentiality of 
electronic records.

Generally, EDC systems use a web-based plat-
form, accessible from any computer or mobile 
device connected to the Internet. The database is 
centralized, managed by a small group of quali-
fied people with deeper administrative access for 
data monitoring. Local investigators of a multi-
center trial can access the system at any time and 
at any location, with only the possibility to enter 
patient data of their own center, being blinded to 
the data entered by other institutions. Moreover, 
EDC systems support and validate data entry, 
can implement cross-check, and minimize miss-
ing data by preventing the user from going ahead 
without filling all the mandatory fields.

Shan et  al. [11] reported a reduction of 
60–80% of inconsistencies among the collected 
data, thanks to automatized controls that mini-
mize common errors and missing values. Other 
authors have shown the superiority of capturing 
clinical data using EDC systems rather than with 
classical spreadsheets, both in terms of time and 
accuracy with the promise to reduce trial costs 
[12–14].

15.3  Overview of EDC Systems

The main components of EDC systems are as 
follows:

 (a) An administrative module to develop the 
study, build CRFs, add users, and supervise 
role-based access and security

 (b) A graphical user interface (GUI) for data 
entry

 (c) A validation engine to execute edit checks 
and verify the validity of the data entered into 
the database

 (d) A reporting module providing both standard 
and ad hoc reports.

Depending on the specific solution implemented 
by the manufacturer, each of these components 

can be self-managed by users or can require a 
technical external support.

There are a number of EDC systems avail-
able, both commercial and open-source. The 
most popular EDC systems and their main fea-
tures are reported in Table 15.1. This list reflects 
the number of citations, the availability of online 
documentation, and our own experience. All 
the EDC systems presented are web-based and 
compliant with the Guidance for Industry Part 
11, Electronic Records; Electronic Signatures—
Scope and Application, a guidance document for 
submitting clinical trial results to the Food and 
Drugs Administration [10].

The main features of EDC systems are the 
followings:

• Offline capability—The possibility to use the 
system when disconnected from the Internet, 
resynchronizing once the connection is 
restored. This can be useful in a geographical 
area where network connectivity is poor (for 
instance, rural locations) or when it is impor-
tant to give users the possibility to work dis-
connected from the network.

• Randomization—It is an integrated method to 
perform randomization.

• User authentication—The access to the sys-
tem is controlled by login with username and 
password.

• Clinical Data Interchange Standards 
Consortium (CDISC) certification—A certifi-
cation by a global, open, multidisciplinary, 
nonprofit organization that has established 
standards to support the acquisition, exchange, 
submission, and archive of clinical research 
data and metadata. CDISC standards are 
vendor- neutral, platform-independent, and 
freely available (https://www.cdisc.org/).

• Ad hoc reporting—Free predefined reports 
and further customized reports for a fee. In 
recent years, ad hoc reporting has become a 
must-have feature, allowing users to create 
their own reports.

• Electronic patient-reported outcomes capa-
bilities—A methodology that allows patients 
to complete self-report symptoms or any 
adverse effect of a therapy. This can be 
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achieved by using a mobile device (e.g., a tab-
let) or it can be web-based via interactive web 
response or phone-based with interactive 
voice response.

• Multi-language—Clinical trials are run all 
over the world, and although English is the 
standard for scientific publications, some-
times there is the need to collect data in the 
local language. A multi-language system 
allows CRF content to be automatically trans-
lated and, in some cases, allows simultaneous 
use of multiple languages.

• On-demand export—It is the ability to sched-
ule data downloads in different formats (SAS, 
XLS, CSV, ASCII etc.) but should also pro-
vide data on demand to offer immediate 
availability.

• Portable document format (PDF) archiving—
At the end of a trial, it is often necessary to 
provide an archive copy of the data collected 
during the trial. The PDF is a very popular for-
mat and very similar to a paper document. 
Reports including all queries and audits can be 
prepared and provided to each center partici-
pating in the trial.

• Document management—It is the capability 
to store documents related to the trial.

• Electronic signature—The electronic signa-
ture authorized by a researcher is the legally 
binding equivalent of the individual’s hand-
written signature.

• Audit trail—It is a record providing documen-
tary evidence of the sequence of activities and/
or changes that have affected, at any time, a 
specific operation, procedure, or event. 

• Import/export—It is the capability to import/
export different types of data, such as DICOM 
(digital imaging and communications in medi-
cine), XLS (Excel), SAS (Statistical analysis 
system), etc.

Interestingly, only one EDC system listed in 
Table 15.1 (MARVIN, XClinical GmbH Munich, 
Germany) provides all the above-mentioned fea-
tures, including the possibility to import/export 
images. All EDC systems provide electronic 
signature, while offline capability is available in 
only five. Most of EDC systems have a commer-
cial license, while only two are open-source with 

obviously fewer features. Twelve of the 17 EDC 
systems of Table 15.1 are developed in the USA, 
likely reflecting a tighter control from the Food 
and Drugs Administration over clinical trials.

Notably, in a clinical trial, it is the responsibil-
ity of the principal investigator (or of the sponsor, 
when present) to ensure and document that the 
EDC system conforms to the established require-
ments for completeness, accuracy, reliability, and 
consistent intended performance (i.e., validation). 
Moreover, the principal investigator/sponsor 
should maintain standard operating procedures 
for using these systems. The standard operating 
procedures should cover system set up, installa-
tion, and use and should describe system valida-
tion and functionality testing, data collection and 
handling, system maintenance, system security 
measures, change control, data backup, recovery, 
contingency planning, and decommissioning.

15.4  EDC Systems in Imaging 
Research

EDC systems are still poorly used in breast 
imaging research and imaging research in gen-
eral. They are stand-alone systems, not being 
interconnected to other eHealth applications. 
In particular, handling of images is still insuffi-
ciently supported. This is rather disappointing, as 
medical imaging is looming large today in clini-
cal trials. Image-based surrogate endpoints pro-
vide eligibility, efficacy, and security evaluation 
by qualitative and quantitative disease finding 
in clinical studies [15]. In particular, there is a 
poorly structured way to capture DICOM data in 
EDC systems.

So far, storage or retrieval of DICOM-based 
data in the CRF is impossible, and interfaces for 
DICOM-based communication are unavailable. 
Images are transferred manually between the 
systems in roundabout ways. Manual interaction 
of study personnel is required, decreasing data 
 quality, increasing processing time, and increas-
ing costs.

The Medical Imaging Resource Center of the 
Radiology Society of North America is a shar-
ing platform for teaching files and clinical trial 
data [16]. An open-source imaging platform for 
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sharing, management, processing, and distribu-
tion of images and related study data is offered 
with the Extensible Neuroimaging Archive 
Toolkit of the Neuroinformatics Research 
Group [17]. However, these solutions are rather 
specialized systems for certain diseases and 
disconnected from the EDC system.

There are few commercial systems such as 
iMedNet EDC (http://www.mednetstudy.com/
technology/imednetedc) that support storing and 
viewing of DICOM data. However, particularly 
for investigator-initiated trials and academic 
research, commercial approaches are rarely 
adopted due to their high costs.

An example of ad hoc noncommercial EDC 
systems integrating images was developed by 
van Herk [18], who utilized OpenClinica (www.
OpenClinica.com) and Conquest (http://inge-
nium.home.xs4all.nl/dicom.html) as EDC sys-
tem together with the Picture Archiving and 
Communication System (PACS). However, with 
this system, DICOM objects must be already 
available in Conquest. Advanced DICOM view-
ing functionality is not provided, limiting user 
interaction conducting the trial. A similar archi-
tecture was proposed by Skripcak [19] connect-
ing OpenClinica and Conquest with Lua scripts. 
DICOM data are integrated via a stand-alone 
client, which transfers images to the PACS and 
inserts references in the CRF via web service 
envelopes. However, images cannot be stored 
directly via the web, and a special client has to 
be installed on all systems. Finally, an entirely 
web- based solution integrating EDC, PACS, and 
DICOM viewer, implemented using the open- 
source projects OpenClinica, was developed by 
Haak and co-workers [20].

15.5  The HIBCRIT Study: An Ad 
Hoc Application

As explained in other chapters of this book, the 
High Breast Cancer Risk Italian (HIBCRIT) 
multicenter study [8]—coordinated by the 
Istituto Superiore di Sanità (ISS, Rome) with 

funds of the Italian Ministry of Health—com-
pared since June 2000 clinical breast examina-
tion, mammography, ultrasound, and MRI in the 
surveillance of women at high risk of breast can-
cer (HIBCRIT-1). Considering the large number 
of measured variables by dozens of imaging and 
non-imaging specialists located in many differ-
ent Italian institutions, as well as the high number 
of images obtained in several screening rounds, a 
bulk of data had to be stored for analysis. Thus, 
an effective EDC had to be developed to allow 
a more efficient conduct of the second phase of 
this study (HIBCRIT-2) that is currently ongoing.

The main objectives of such a system had to 
be the followings: 1) to consolidate the multi-
center network already activated in the first phase 
of the project (HIBCRIT-1), 2) to extend the 
network to include additional institutions, 3) to 
update the shared protocol for screening women 
at high genetic-familial risk of breast cancer, 4) 
to develop a more advanced centralized platform 
of data collection, management, and analysis 
to serve as a basis for more extended screening 
projects.

Managing such a bulk of clinical data required 
a dedicated study-specific EDC, with high per-
formance as well as software and hardware 
resources. The technology used for that task was 
not the most advanced available at that moment. 
Indeed, none of the EDC systems listed in 
Table 15.1 was chosen, as none of them allowed 
for a graphical representation of the investigated 
breasts, with a visual localization of the detected 
lesions. Thus, an ad hoc locally developed EDC 
was conceived and implemented, also taking 
into account future adaptation and extension to 
a larger setting. The implementation of this EDC 
was possible, thanks to a synergic effort of the 
service supplier and the experts coordinating the 
HIBCRIT study.

Analysis, design, and implementation can be 
summarized in the following steps:

 1. Definition of the overall requirements
 2. Set up of the hardware platform (storage, con-

nectivity, and disaster recovery systems)
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 3. Set up of the database with its GUI
 4. User technical documentation
 5. Overall final testing
 6. Deployment

Two information technologists worked on 
the project, one software engineer (for the 
EDC design) and one database manager (for 
the software implementation and integration). 
As schematically represented in Fig.  15.1, 
this system consisted of three main parts: (a) 
a relational database, for centralized col-
lection of patient data (including a GUI for 
lesion localization) with predefined proto-
cols for connecting all participating center to 
the database, (b) a repository for the storage 
of anonymized images, and (c) a website to 
allow the users to access the network- reserved 
documentation.

15.5.1  Relational Database

A database is an archive (or a set of archives), where 
information and data are structured and linked 
together according to specific modalities (logical 
models). Among the three classical logical models 
(hierarchical, relational, and network), the rela-
tional one is the most used. In the relational model, 
all information are grouped into relations [21]. The 
relational model has many advantages over other 
models, in what it (1) is based on solid mathematics 
[22], (2) allows the identification and elimination 
of data redundancy, and (3) allows data manipula-
tion by an easy and human-readable language, the 
structured query language. The HIBCRIT data-
base was set up using Microsoft Structured Query 
Language Server 2008 (Microsoft Corporation, 
Redmond, WA, USA), while the GUI was devel-
oped using Microsoft Access.
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Fig. 15.1 Schematic representation of the electronic data capture system implemented ad hoc for the HIBCRIT-2 study
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The relational database was composed by two 
macrosections, one devoted to the enrollment 
and the other to the multimodal imaging. In turn, 
these main blocks were divided in subsections, 
according to the scheme reported in Fig. 15.2.

The GUI was developed to allow data entry 
and to perform few, well-defined operations by 
the users. Checks for data consistency were also 
implemented. For example, the tables Biopsy, 
Surgery, and Histopathology in Fig. 15.3b were 
accessible only if the correspondent findings 
were described in the GUI reported in Fig. 15.4 
in one of the imaging modalities.

In the first macrosection (Enrollment), 
the user could enter the patient personal data 
as well as family history, previous events of 
breast and/or ovarian cancer, and participa-
tion in primary and/or secondary prevention 

programs (Fig.  15.3a). The second macrosec-
tion (Diagnostics) contained detailed informa-
tion concerning the results of clinical breast 
examination and imaging modalities. If invasive 
procedures such as fine- needle aspiration and 
core needle/vacuum- assisted/surgical biopsy 
were performed, a detailed description of the 
findings could be entered in the proper subsec-
tions, as well as the modalities which prompted 
the procedure (Fig. 15.3b). Data were automati-
cally saved when exiting macrosections, but later 
modifications were still possible at this stage. 
When a given patient CRF was complete, confir-
mation of the final submission was prompted to 
prevent patients with missing information. After 
finalization, already entered data could not be 
further modified without a special permission by 
the system administrator.

ISS-HIBCRIT
Database

Enrollment macrosection
Multimodal diagnostics

macrosection

Block B.
Annual rounds

Block B1.
Interval cancers

Block B2.
Diagnostic exams
performed outside

the round

Block B3.
Delay or non-

execution of the
round

Block A.
Enrollment

Block A1.
Multimodal status

update

Block A2.
Withdrawal from

surveillance program

Fig. 15.2 Structure of 
the HIBCRIT-2 database
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15.5.2  Graphical User Interface 
for Lesion Localization

Regarding the multimodality diagnostic mac-
rosection, a GUI was developed to report the 
location of the detected lesions (Fig. 15.4). It pro-
vided a schematic representation of the breasts 

(including nipples and axillary regions) and con-
sisted of a grid where each pixel could be flagged 
to indicate the rough position of a lesion, coded 
by numbering and technique. The system granted 
a one-to-one correspondence between graphi-
cally reported data and relative description in the 
database.

a

b

Fig. 15.3 Screenshot of the enrollment (a) and diagnos-
tic (b) macrosections in the HIBCRIT-2 study. Several 
cross- checks were implemented. For example, the mam-
mography table of the diagnostic macrosection was active 

only for women older than 35 years, while at second look, 
US and repeat MRI sections were accessible only if MRI 
findings were reported
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15.5.3  Connecting Centers 
to the Database

After set up, remote workstations could securely 
access the GUI through web browser (Internet 
Explorer, Firefox, Chrome, or others) via 
HyperText Transfer Protocol over secure socket 
layer (HTTPS). Set up consisted of installation 
of both a security certificate (3-year validity) and 
Citrix XenApp client. The XenApp suite (for-
merly known as Metaframe server) developed by 
Citrix (Fort Lauderdale, FL, USA) is widely used 
for remote on-demand access to applications 
housed on a central server [23, 24].

The access to the database needed authen-
tication using credentials provided to each par-
ticipating center. The local principal investigator 
identified the operator(s) authorized to data entry 
for the creation of respective dedicated user area.

15.5.4  Image Repository

The storage of huge amounts of data required 
high-performance, reliable, and scalable equip-
ment. Anonymized images were uploaded after 
encoding, so to ensure a one-to-one correspon-
dence between database and image repository. 
An extension of the File Transfer Protocol 
Secure (FTPS) was used to upload the radiolog-

ical images. On the server side, FTPS service 
was offered by Microsoft Internet Information 
Services; on the client side, any FTPS cli-
ent could be used, although the open source 
FileZilla FTPS client (http://filezilla-project.
org) was recommended. Database and reposi-
tory were independent on one another, so to 
avoid the lock of data entry until the image 
upload was completed.

15.5.5  The Website

A website was implemented by using Microsoft 
SharePoint (Microsoft Corporation, Redmond, 
WA, USA). This website was reserved to the cen-
ters participating in the HIBCRIT study and to 
the Ministry of Health (as well as, upon request, 
to the Regional Health Authorities) and contained 
the whole documentation of the study.

15.5.6  The HIBCRIT-2 Study 
in Numbers

The patient enrollment started in April 2009. 
Twenty-six centers were progressively con-
nected. By June 30th, 2012, 763 women had been 
enrolled for a total of 1,963 diagnostic rounds. In 
the image repository were stored the following:

Fig. 15.4 Graphical user interface for localization of breast lesions revealed by any imaging technique in the 
HIBCRIT-2 study

G. Di Leo et al.
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• Mammography, for a total of 4,051 images 
and 6.5 GB

• Ultrasound, for a total of 2,866 images and 
3.5 GB

• MRI, for a total of more than 1 million images 
and 410 GB

Overall, this EDC system costed as follows:

 1. Analysis and design, 80 man-hours (€ 3,000)
 2. Design and implementation of database, 160 

man-hours (€ 4,000)
 3. GUI development, 160 man-hours (€ 4,000)
 4. System testing, 80 man-hours (€ 2,000)
 5. GUI enhancement and bug correction, 320 

discontinuous man-hours (€ 8,000)
 6. Storage, approximately (€ 31,000)

The total gross cost was approximately € 51,000. 
The time needed for the development and imple-
mentation of this EDC system up to the activation 
of the first center was approximately 12 months.

15.6  The MIPA Study: 
An OpenClinica Application

OpenClinica (OpenClinica, Waltham, MA, USA) 
is the world’s leading open-source EDC sys-
tem for clinical data management and is com-
pliant with the guidence of the Food and Drug 
Administration [10, 25–27]. It has a modular 
design with separate modules for study set up, 
data submission, monitoring, and extraction. 
It is a do-it-yourself tool in what the system 
administrator(s) can develop a clinical study 
database from an easy-to-use GUI.

Based on their access policy and permissions, 
individual users participating in a clinical trial 
can manage specific modules and/or functions. 
OpenClinica offers a complete online documen-
tation, templates to create CRFs, forum, and 
examples. The administrator has total access 
to all subjects enrolled by all centers, exclusive 
of rights to extract patient data and the ability 
to modify the content of any CRF at any time. 

Although it does not require large technical 
skills, it is advisable that the system is managed 
by a professional technician (for instance, an 
engineer). The main steps involved in designing 
a clinical trial using OpenClinica are described 
below to demonstrate the power of this system.

The MIPA study (Preoperative Breast MRI 
in Clinical Practice: Multicenter International 
Prospective Analysis—ISRCTN41143178) is an 
ongoing prospective observational multicenter 
trial investigating the impact of preoperative 
MRI on the surgical management of patients 
newly diagnosed with breast cancer. It is a project 
involving 27 enrolling centers around the world 
and collecting a huge amount of data, regarding 
personal information, imaging (digital mam-
mography, ultrasound, MRI), tissue sampling, 
planned and performed surgical treatment, final 
pathology, and 5 years of follow-up. In clinical 
studies like this, identifying an efficient EDC 
system is extremely important to allow the man-
agement of the whole study.

Considering the available resources, 
OpenClinica was identified as the best solution 
for the MIPA study. For the purpose of the study, 
OpenClinica was installed on a server cloud to 
improve the performance, its stability, and the 
data security. OpenClinica can be downloaded 
and easily installed by following the online 
documentation. After installing the package, 
the administrator can start to build the study. 
OpenClinica allows the management of more 
than one study simultaneously within the same 
installation. For the MIPA study, a pilot proce-
dure was created to test all the CRFs, fix potential 
bugs, and optimize the whole process.

The MIPA study is organized in two main 
events, the baseline assessment and the follow-
 up. Baseline includes eight CRFs, namely:

 1. Enrollment
 2. Imaging studies 1 (digital mammography, 

ultrasound)
 3. Imaging studies 2 (MRI)
 4. Tissue sampling
 5. Planned surgical treatment
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 6. Performed surgical treatment
 7. Final pathology
 8. Nonsurgical therapy

The follow-up event is a repetitive event, as 
it can be scheduled as many times as appropri-
ate. As per the study protocol, it includes only 
one CRF for each of the 5  years of follow-up. 
Thus, for each patient, a total of 13 CRFs must 
be completed. The person in charge of the data 
entry, after adding a new subject, can complete 
all the CRFs or only some of them, especially 
when the data are not yet available (e.g., final 
pathology or follow-up). The user can edit a CRF 
easily, several times until it has not been marked 
as complete. Once a CRF is marked as complete, 
the user can still change the already entered data 
but must give an explanation (reason for change). 
Only when all the baseline CRFs of a given sub-
ject are complete, the event Baseline is complete. 
OpenClinica shows different status with different 
icons (Fig. 15.5).

OpenClinica allows to define different users 
with different roles/permissions. The main roles 
involved in the MIPA study are as follows:

• Data manager—can submit, monitor, man-
age, and extract data, view and build studies, 
and assign users

• Data entry person—can only enter patient 
data

• Data monitor—can monitor, manage, and 
extract data

The Administrator (the so-called super-
user) is similar to the data manager but with the 
additional permission to switch among all the 
clinical trials (if any) implemented in the same 
installation.

The implementation of a new clinical trial 
is quite simple. OpenClinica offers an easy-to-
use process based on excel files: each CRF is a 
spreadsheet where questions, answers, and rules 
are defined. When the excel file is uploaded into 

Fig. 15.5 This screenshot shows the eight CRFs of the Baseline event and only one CRF of the Follow-up event for the 
subject ID 8392 of the MIPA study

G. Di Leo et al.
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OpenClinica, the system checks the syntax and, if 
everything is ok, the CRF is ready to use. However, 
given the intrinsic complexity of the whole pro-
cess, few trials proceed exactly as initially planned. 
As it happened in the MIPA study, changes may be 
implemented in the course of the trial: CRFs may 
need updating, new sites (and users) may be added, 
and new technologies may emerge.

Despite the several advantages of OpenClinica, 
managing the MIPA study with this system 
implied some limitations, especially regarding 
cross-checks among different CRFs. Splitting the 
CRF in several parts (eight CRFs for the Baseline 
event and one CRF per each year of follow-up) 
was essential to allow data entry users to handle 
the amount of data required, but it introduced the 
need to duplicate some data. For example, the 
specification of the lesion laterality is required in 
all CRFs of the Baseline event. As OpenClinica 
does not provide the possibility to implement 
inter-CRF cross-checks (only intra CRF checks 
are allowed), an ad hoc external tool had to be 
developed to cross-check datasets and to verify 
the data integrity and consistency. Another limita-
tion is that exported data must be decodified as all 
questions and related answers are coded in alpha-
numeric words. As for data cross-checks, another 
ad hoc external tool had to be developed to make 
datasets easily interpretable by users different from 
those who have developed the CRFs (e.g., the stat-
istician). These limitations were easily solved by 
including in the MIPA study team a data manager 
with technical skills to manage the study, to imple-
ment the CRFs, to perform the quality assurance 
checks, and to extract the datasets.

15.7  Conclusions

Large multicenter clinical trials such as those on 
breast cancer screening of high-risk women typi-
cally involve a huge amount of data and images 
to be collected, stored, and processed by the local 
and principal investigators. Relatively few years 
ago, this task was accomplished through paper 
CRF and by sending source documents and digi-
tal media (e.g., compact disk) via regular mail all 
over the world. Study monitoring also implied 

clinical trial monitors to move all around for data 
quality check. All these activities intrinsically 
implied big efforts and costs that could be cov-
ered only by industries.

In the current era of information technology rev-
olution, these limitations may be easily overcome 
using EDC systems that greatly increase a trial fea-
sibility. To date, clinical studies may be conceived 
larger than ever, with obvious advantages for the 
scientific community and, finally, for patients.

Authorities have acknowledged that stan-
dards and capabilities of electronic systems have 
improved, and features such as audit trails, auto-
mated date-and-time stamps, appropriate valida-
tion, and the ability to generate copies and retain 
records are standard components of many EDC 
systems. Thus, new regulations for a proper use 
were introduced, including legal binding of elec-
tronic signatures, that are equivalent in all to 
regular handwritten signatures. New regulations 
have also appeared concerning the processing of 
personal data and the protection of privacy in the 
electronic communications sector.

Several EDC systems, both commercial and 
open-source, have been developed to cover all 
aspects of a clinical trial, discharging investi-
gators from administrative tasks and largely 
improving quality. Contract research organiza-
tions are still leading clinical research, espe-
cially on pharmaceuticals, with their expertise in 
reviewing and negotiating all required essential 
regulatory documents and the ability to identify 
activities along critical paths and completion of 
all site start-up activities for a study. However, 
it is more and more important for researchers to 
understand these tools in order to better inter-
face with collaborators and with other experts. 
Especially, radiologists and imaging specialists 
carrying out spontaneous low-budget research 
should be aware of these systems, in order to be 
able to select the most appropriate one and coop-
erate in their start up.
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16.1  Introduction

Following compelling evidence from many trials 
for the increased sensitivity of regular magnetic 
resonance imaging (MRI) screening compared to 
mammography for women with hereditary pre-
disposition to breast cancer (BC), many countries 
have introduced regular surveillance for this 
group of women. Despite the same evidence 

being available, policy makers have adopted dif-
ferent eligibility criteria for high-risk screening, 
with variable starting and finishing ages and dif-
ferent imaging modalities to screen for 
BC. Reasons for the adoption of slightly different 
strategies for screening implementation are not 
always clear. The decision is sometimes based on 
the willingness of the policy makers to pay for 
this type of intervention. This chapter examines 
population screening policies in different coun-
tries and discusses the similarities and differ-
ences for high-risk screening. Our hypothesis is 
that countries with high expenditure on health-
care are more likely to implement a high cost 
screening program (albeit for a small proportion 
of the population). However, the number of MRI 
scanners may also influence the decision on 
whether or not to offer MRI screening. Another 
factor to consider is the policy maker’s attitude to 
population breast screening.

16.2  Health Expenditure and MRI 
Scanners

Initially, we look at the amount spent in each 
country on healthcare, as a measure of their will-
ingness to pay for health interventions.

Data derived from the World Health 
Organization (WHO) [1] on total health expendi-
ture as a percentage of the gross domestic prod-
uct for 2014 indicates which countries worldwide 
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spend the most and least on healthcare per capita. 
The Organization for Economic Co-operation 
and Development (OECD) [2] lists countries 
worldwide from 2013 specifying MRI units as a 
total in hospitals and ambulatory care providers 
per 1,000,000 inhabitants. Analyses between the 
amount countries spend on healthcare and the 
number of MRI units in hospital and ambulatory 
care providers do not suggest a strong positive cor-
relation between health expenditure and MRI 
units. Table 16.1 depicts health expenditure (USD) 
per capita and MRI units per 1,000,000 inhabit-
ants. For example, Japan has an intermediate 

health expenditure of $3,703 per capita [1], but 
has the highest number of MRI units at 45.9 units 
per 1,000,000 inhabitants [2]. The second high-
est is the USA with 35.5  units per 1,000,000 
inhabitants [2] where the health expenditure is 
the highest ($9,403 per capita), followed by 
Germany with 28.9 MRI units per 1,000,000 
inhabitants [2] and $5,411 health expenditure 
per capita. As illustrated in Fig. 16.1, there is an 
only weak correlation between healthcare expen-
diture and MRI scanners per capita, with a strong 
outlier (Japan).

16.3  High-Risk Screening 
Guidelines

The implementation of MRI as a tool for BC 
diagnosis was first tested in the 1980s, and since 
then, studies have reported its positive and nega-
tive aspects. As described in other chapters of this 
book, research into the use of MRI in high-risk 
screening cohorts of women reported that MRI 
was significantly more sensitive than mammog-
raphy, ultrasound (US), or clinical breast exami-
nation (CBE). The use of MRI in screening 
programs makes earlier diagnosis a real possibil-
ity, especially in younger premenopausal women 
where there is a much higher likelihood of dense 
breast tissue. The USA has firstly implemented 
guidelines [3] for the surveillance of high-risk 
women with MRI; many countries worldwide 

Table 16.1 Health expenditure and MRI units by 
country

Country
Health expenditure 
per capita (USD)

MRI units per 
1,000,000 
inhabitants

Australia 6,031 13.4
Austria 5,580 19.2
Canada 5,292 8.9
Germany 5,411 28.9
Ireland 4,239 13.3
Israel 2,910 3.5
Italy 3,258 25.2
Japan 3,703 45.9
New Zealand 4,896 11.3
Norway 9,522 Not available
Spain 2,658 15.3
The Netherlands 5,694 11.5
Turkey 568 9.9
United Kingdom 3,935 6.1
United States 9,403 35.5

Japan

Germany
Italy

Austria

United States

Australia
Spain

Turkey

Israel

0
0

2.000

50

45

40

35

30

25

M
R

I u
n

it
s 

p
er

 1
,0

00
,0

00
 in

h
ab

it
an

ts

20

15

10

5

4.000 6.000

Healthcare expenditure per capita ($USD per capita)

8.000 10.000

UK Canada

The Netherlands

Ireland
Nz

Fig. 16.1 Scatterplot of 
MRI units by health 
expenditure by country. 
There is a weak but 
significant correlation 
between the two series 
of data (r = 0.340, 
R2 = 0.115). Notably, 
excluding the outlier 
(Japan), r = 0.570, 
R2 = 0.325
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have subsequently adopted their own versions 
with some similarities and some differences.

Table 16.2 lists in detail the recommendations 
for each country, the reference(s), the eligibility 
criteria, the age at which screening starts and 
stops, and the type(s) of imaging modality 
offered. The American Cancer Society (ACS) [3] 
advised that women from the age of 30  years 
with a high-risk of developing BC begin annual 
MRI screening as an adjunct to mammography 
and continue to do so as long as they are in good 
health. Eligibility criteria are as follows:

 1. To have a known BRCA1 or BRCA2 
mutation.1

 2. To be first-degree relative (i.e., parent, sibling, 
child) with a BRCA1 or BRCA2 mutation car-
rier and have not had previous genetic testing 
themselves.

1 All along this chapter, the term mutation as referred to 
BRCA1, BRCA2, TP53, or other genes associated with an 
increased BC risk has to be read as deleterious mutation.

 3. To have a history of radiation therapy to the 
chest between the ages of 10 and 30 years.

 4. To have a lifetime risk (LTR) of BC of 20% to 
25% or greater, based on one of several 
accepted risk assessment tools dependent on 
family history (e.g., Gail, Claus, or Tyrer- 
Cuzick models).

 5. To be affected by Li-Fraumeni syndrome, 
Cowden syndrome, or Bannayan-Riley- 
Ruvalcaba syndrome or have a first-degree 
relative with one of these syndromes.

The American Cancer Society [3] also recom-
mended against MRI screening for those women 
with a LTR of BC lower than 15%. It is also sug-
gested that there is no valid evidence to recom-
mend for or against annual MRI screening for 
those women who fall within the moderately 
increased risk cohort with an LTR between 15% 
and 20%, or who may have an increased risk due 
to certain factors outlined as follows:

 1. To have a personal history of BC, ductal carci-
noma in situ, lobular carcinoma in situ, atypi-
cal ductal hyperplasia, or atypical lobular 
hyperplasia.

 2. To have dense breasts (i.e., extremely or het-
erogeneously dense breasts) as observed on 
mammogram.

A recent review summarized these and other 
guidelines on the surveillance of BRCA mutation 
carriers issued by major North American bodies 
[26].

16.4  High-Risk Criteria

BC surveillance programs worldwide all have 
similar—yet somehow different—definitions 
both of what constitutes a high risk for BC and of 
the criteria required to entitle women to receive 
certain healthcare services within that country. In 
the UK, the National Institute for Health and 
Care Excellence (NICE) [24] has published a set 
of guidelines titled Familial breast cancer, 
 classification, care and managing breast cancer, 
and related risk in people with a family history of 

Table 16.2 High-risk screening by country and age 
range

Country Age range
Australia [4, 5] 50 years or under
Austria [6] 25 years and over
Belgium [7, 8] 30 years and over
Canada [9] 30–69 years
France [10] 30 years and over
Germany [11] 25 years and over
Ireland [12] 30–49 years (20–49 for TP53 

carriers)
Israel [13] 40 years and over
Italy [14] 25 years and over
Japan [15] 25 years and over
Malaysia [16] 30 years and over
New Zealand [17] 30 years and over
Norway [18] 25–70 years
Spain [19, 20] 25–70 years
Sweden [21] 25–74 years
The Netherlands [22] 25 years and over
Turkey [23] 25 years and over
United Kingdom [24] 30–60 years* (20 years and 

over for TP53 carriers)
United States ACS [3] 30 years and over
United States NCCN 
[25]

25–75 years

*30–49 years: with MRI; 40–59 with mammography

16 Guidelines and Recommendations on High-Risk Breast Cancer Screening All Over the World…
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breast cancer. The NICE guidelines [24] state 
that women who have not had genetic testing but 
have a greater than 30% probability of being a 
BRCA or TP53 mutation carrier are considered at 
high risk, compared to the ACS definition that is 
also considered as high-risk first-degree relatives 
(i.e., parent, sibling, child) of BRCA1 or BRCA2 
mutation carriers with no previous genetic test-
ing, or with a LTR higher than 20% [3]. The ACS 
further recommended that questionnaire tools 
dependent on family history (e.g., Gail, Claus, or 
Tyrer- Cuzick) are to be used to assess LTR and 
that women who are affected by Li-Fraumeni, 
Cowden, or Bannayan-Riley-Ruvalcaba syn-
dromes, or have a first-degree relative with one of 
these syndromes, or have a history of radiation 
therapy should also be considered high risk [3], 
whereas the NICE guidelines make no recom-
mendations for including these women [24].

16.5  Lifetime Risk Thresholds

Countries also vary in LTR thresholds, and cer-
tain countries define LTR based on dependent 
factors such as genetic, family, and medical his-
tory. In Canada [9], Italy [14], Turkey [23], and 
the USA [3, 25], guidelines have established that 
women with an LTR of 20–25% or greater are 
categorized as high risk. In Austria [6], women 
with an LTR of 20% or greater are considered 
high risk, without any range of uncertainty. In 
Germany [11], women with an LTR greater or 
equal to 30% are considered at high risk. In Spain 
[19, 20], an LTR ranging from 15% to 50% is 
taken into consideration, greatly depending on 
underlying factors based on genetic status as well 
as family and medical history. In Sweden [21], a 
similar yet more constricted range from 17% to 
30% LTR is considered for determining the high- 
risk condition.

Conversely, other countries who have not 
established an LTR threshold take into account 
various factors based on genetic and family his-
tory to consider women as high risk. The 
Australian [4, 5] and Belgian [7, 8] guidelines are 
similar in that they indicate that women who are 
aged 50 years or lower with a strong family his-

tory of breast or ovarian cancer, or with known 
genetic mutations, or with Ashkenazi Jewish 
ancestry are defined as high risk. This includes 
three or more first- or second-degree relatives on 
the same side of the family diagnosed with breast 
or ovarian cancer, or one first- or second-degree 
relative diagnosed with BC at age 45  years or 
younger, plus another first- or second-degree rel-
ative on the same side of the family with bone or 
soft tissue sarcoma at age 45 years or younger. In 
Ireland [12] and Israel [13], women with known 
BRCA1, BRCA2, or TP53 mutations are consid-
ered high risk. In Malaysia [16], factors including 
family history, genetic mutations, personal his-
tory of invasive ductal or lobular carcinoma, or 
ductal carcinoma in situ, or benign breast disease 
with atypical hyperplasia are considered before 
classifying women as high risk. In New Zealand 
[17], risk categories developed by the Australian 
[4, 5] guidelines are followed; however, priority 
is also given to women of Māori and Pacific 
Islander descent, considering their higher inci-
dence and mortality from BC, encouraging these 
women to be screened. Therefore, specific Māori 
healthcare services have been implemented to 
improve the Māori cancer experience such as 
employing Māori staff, setting up cultural prac-
tices, and staff alerting Māori patients to their 
entitlements (e.g., transport, benefits, home help, 
and equipment) [4, 5]. In Norway [18], only 
women with a known BRCA1 or BRCA2 muta-
tions are considered as high risk.

16.6  Age Ranges for Invitation 
to the Screening

Several countries worldwide have different age 
ranges for high-risk surveillance. The Department 
of Health in Australia has advised that women 
under the age of 50 who are at high risk of devel-
oping BC are recommended for annual MRI sur-
veillance [4, 5]. The National Comprehensive 
Cancer Network (NCCN) in the USA [25] and 
European countries such as Austria [6], Germany 
[11], Italy [14], Spain [19, 20], and the 
Netherlands [22] all recommend beginning MRI 
surveillance at age 25 and above. Upper limits 
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are indicated in the Netherlands where MRI sur-
veillance ends at age 60, in Germany where sur-
veillance was extended to 70 years for mutation 
carriers and discontinued after age of 50 in non- 
carriers, and in Spain where annual breast MRI 
was extended to 70 for BRCA mutation carriers. 
Other countries such as Belgium [7, 8], Canada 
[9], France [10], Malaysia [16], New Zealand 
[17], and the American Cancer Society in the 
USA [3] all recommend beginning MRI screen-
ing for high-risk women at age 30, where Canada 
[9] suggests discontinuing screening at age 69, 
while the other countries have no upper age limit. 
Countries which recommend MRI screening to 
high-risk women beginning from the age of 20 
are Ireland [12], Turkey [23], and the UK [24], 
where Turkey [23] has no upper age limit. Both 
Ireland [12] and the UK [24] begin screening at 
20 for TP53 mutation carriers and 30 for BRCA1 
and BRCA2 mutation carriers; the UK [24] dis-
tinguishes the upper age limit according to the 
risk level and mutations, while Ireland [12] sets it 
at age 50. Israel [13] is the only country that sug-
gests beginning MRI high-risk surveillance later 
on in life—at age 40—and to continue it as long 
as the screened women are in good health.

16.7  Imaging Modalities 
Recommended

Imaging modalities also vary in the surveillance 
programmes of countries worldwide. The guide-
lines for high-risk women in Australia [4, 5] and 
Israel [13] recommend annual MRI alone, without 
further requirements for any additional imaging, 
unless specified in consultation by a general practi-
tioner or specialist. Many other countries including 
Austria [6], Belgium [7, 8], Canada [9], Ireland 
[12], Malaysia [16], Norway [18], Spain [19, 20], 
Sweden [21], the Netherlands [22], the UK [24], 
and the ACS in the USA [3] all indicate that MRI 
should be performed in adjunct to mammography 
annually. In addition to MRI and mammography, a 
CBE is also included as part of the high-risk sur-
veillance guidelines for countries such as France 
[10], Italy [14], New Zealand [17], and Spain [19, 
20] and in the NCCN guidelines [25] in the 
USA. Turkey [23] also recommends the addition of 

US to MRI and mammography. Germany [11, 27] 
and the NCCN have specific high-risk guidelines to 
recommend CBE and advise to consider US annu-
ally or semiannually, with MRI and mammography 
annually. In contrast, in Asia where the incidence 
of BC is the lowest in the world, countries such as 
Japan [15] and South Korea do not have any estab-
lished surveillance and screening system for high-
risk women: Japan relies on general but non-binding 
recommendations for the use of MRI annually 
(Table 16.3).

There is a general agreement worldwide that 
the frequency of MRI surveillance should be 
annual for women in the high-risk cohort. 
Austria [6] is the only country that has a slightly 
different definition of frequency, stating that 
MRI surveillance in high-risk women could take 
place annually, simultaneously with mammog-
raphy, or alternating it every 6  months with 
mammography.

An international survey recently [28] assessed 
the schemes offered in high-risk clinics in differ-
ent countries. An e-mailed survey was distributed 
to high-risk clinics affiliated with the Consortium 
of Investigators of Modifiers of BRCA1/2 
(CIMBA), Centre for Cancer Genetic 
Epidemiology, University of Oxford, Cancer 
Research, UK. A total of 22 centers from 16 coun-
tries answered. Surveillance schemes proposed 
before and after risk-reducing surgery over-
whelmingly included breast imaging (primarily 
MRI) from 18 to 30 years and CBE at 6–12-month 
intervals. For ovarian cancer, all but six centers 
offered semiannual/annual gynecological exam, 
transvaginal US, and CA-125 assessment. After 
risk-reducing mastectomy, most centers offered 
only annual CBE examination, while four centers 
offered annual MRI (primarily for substantial 
residual breast tissue). After risk-reducing sal-
pingo-oophorectomy, only four centers offered 
specific gynecological surveillance. The authors 
noted that the existing guidelines for breast/ovar-
ian cancer detection in BRCA mutation carriers 
are being applied before risk-reducing surgery but 
are not globally harmonized, and most centers 
offer no specific surveillance post risk-reducing 
surgery, an issue that requires evidence-based and 
long-term prospective data on the most effective 
scheme to be applied.

16 Guidelines and Recommendations on High-Risk Breast Cancer Screening All Over the World…
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16.8  Conclusions

Mammography and MRI are recommended to be 
mostly annually offered to women who are 
known to be carriers of a BRCA deleterious muta-
tion or at 50% risk of being a mutation carrier. 
This recommendation is given mainly in those 
countries offering mammography screening to 
their average-risk female population. Variations 
in the recommendations for high-risk women 
regard eligibility for screening and the age at 
which screening should start or stop. No country 
offers annual US with mammography without 
MRI unless there is a contraindication to MRI.

International cooperation is needed to harmo-
nize recommendations for screening women at 
high risk for BC and to extend these recommen-
dations in other countries. In countries now start-
ing the organization of BC screening programs, 
attention to the high-risk subgroup could be paid 
since the planning stages, taking into account the 
economic sustainability of earlier age invitation 
and of additional screening for high-risk women.
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A Soft Option for Primary 
Prevention: Drugs and Agents

Bernardo Bonanni, Massimiliano Cazzaniga, 
and Matteo Lazzeroni

Abbreviations

BC Breast cancer
CI Confidence interval
ER Estrogen receptor
HBOC Hereditary breast and ovarian 

cancer
HER2 Human epidermal growth factor 

receptor 2
OC Ovarian cancer
OR Odds ratio
OrC Oral contraceptives
PR Progesterone receptor
RR Relative risk
SERMs Selective estrogen receptor 

modulators

17.1  Introduction

Despite the advances in breast cancer (BC) diag-
nosis and therapy and the consequent reduction in 
terms of mortality of this disease, its social impact 
remains unacceptable. BC is the most commonly 
diagnosed malignancy among females, and sev-

eral alternative strategies in order to decrease its 
incidence are still necessary.

The idea of primary prevention of BC dates 
back to history, and several progresses were made 
in understanding the underlying mechanisms of 
cancer development. The epithelial carcinogene-
sis is a multistep, multipath, and multiyear disease 
of progressive genetic and associated tissue dam-
age [1]. The process starts with genetic events 
which lead to a progressive dysplastic cellular 
transformation with genotypic and phenotypic 
alterations, deregulated cell growth, and prema-
lignancy status and finally to invasion of the base-
ment membrane which establishes cancer [2]. The 
objective of primary cancer prevention is to inter-
cept these processes in order to inhibit progres-
sion to the invasive stage. At present, strategies for 
primary prevention of BC encompass lifestyle 
factors, such as avoidance of obesity, maintaining 
physical activity, and moderation of alcohol 
intake, as well as surgical and medical therapeutic 
interventions. Research to improve therapeutic 
cancer prevention needs to include improvements 
in the prediction of benefits and harms and 
improvements in the safety profile of existing 
agents by experimentation with doses and sched-
ules. Moreover, it is fundamental that these thera-
pies can be directed toward the target most likely 
to benefit as high-risk populations.

In this chapter, we firstly define the popula-
tion of women with an increased BC risk to 
whom these therapeutic interventions could be 
proposed. Then, we review the most important 
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therapeutic agents for which there is a potential 
for being used as a risk reduction approach in 
these women.

17.2  Women with an Increased 
Risk for BC: Risk Factors 
and Germline Mutations

Several approaches seem to be able to identify 
women with a BC risk higher than that of the 
general female population. An increased BC risk 
is conferred by multiple factors such as a rele-
vant family BC history, a personal history of 
atypical ductal or lobular hyperplasia, lobular or 
ductal carcinoma in situ, or known deleterious 
BRCA1 or BRCA2 mutation, the last condition 
typically implying a so-called high risk [3]. A 
promising modality seems to be the identifica-
tion of phenotypic markers, such as mammo-
graphic breast density. In addition, tissue 
acquisition methods, such as random periareolar 
fine-needle aspiration or ductal lavage, might 
help in the assessment of risk and response to 
preventive therapies by identification of patho-
logical and molecular markers [4].

However, advancing age is actually consid-
ered the strongest individually identified risk 
factor and together with family history provides 
one of the major clues to recognize hereditary 
BCs. Family history of BC or ovarian cancer 
(OC), especially if diagnosed at a young age or 
involving multiple family members, may sug-
gest a hereditary cancer syndrome [5]. Women 
with hereditary breast and ovarian cancer 
(HBOC) syndrome represent a selected group 
with increased lifetime risk for developing these 
and other cancers. They include genetic altera-
tions of various susceptibility genes such as 
TP53, ATM, PTEN or MSH2, MLH1, PMS1, 
PMS2, MSH3, and MSH6 and, in particular, 
BRCA1 and BRCA2 [6]. Approximately 5% to 
10% are directly due to an inherited germline 
genetic mutation [7]. The lifetime risk of BC in 
BRCA1 or BRCA2 mutation carriers is 45–80%, 
while the lifetime risk for OC is 45–60% for 
BRCA1 mutation carriers and 11–35% for 
BRCA2 mutation carriers [8] (Table 17.1).

BCs with BRCA1 germline mutations can 
often be distinguished from non-BRCA1-related 
cancers. They frequently do not express estrogen 
receptor (ER), progesterone receptor (PR), and 
human epidermal growth factor receptor 2 
(HER2) [9]. This phenotype is referred to as the 
triple-negative phenotype and accounts for 
around 15% of all BCs. In contrast, BRCA2- 
related BCs appear to be different, in that they are 
frequently ER-positive [10] (Table  17.2). 
Importantly, the histologic and biologic charac-
teristics of BRCA-related BCs, especially when 
being triple negative, significantly influence ther-
apeutic and risk reduction strategies.

17.3  Chemoprevention

Despite prophylactic surgeries to decrease BC 
and OC risk are the most effective preventive 
approaches that could be offered to BRCA muta-
tion carriers, they may not be the appropriate 
choice for some women, and chemoprevention 
may be offered to decrease their risk. Cancers 
arising in high-risk patients may be very hetero-
geneous among the different molecular subtypes 
and biological features. In this scenario, various 
preventive strategies are gaining importance, 
very different from each other and deeply related 
to the final target represented by the histological 
type of cancer and ultimately influencing inci-
dence and outcome. However, hormones play a 
significant role in almost 70% of cases [11], and 
the main current strategies of chemoprevention 
do target hormonally responsive BCs.

The two major classes of antiestrogenic drugs, 
selective estrogen receptor modulators (SERMs) 
and aromatase inhibitors, have been recently 
used for their activity in BC prevention.

17.3.1  SERM: Tamoxifen

Four historical large trials [12–15] were under-
taken on the effects of tamoxifen, the first SERM 
used for BC risk reduction, and long-term follow-
 up data are available. They have shown an overall 
43% risk reduction in ER-positive invasive BC, 
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but no effect on ER-negative disease [16]. 
Moreover, a recent meta-analysis by Jack Cuzick 
and coworkers [17] confirmed an overall signifi-
cant risk reduction of 38% compared with pla-
cebo. Thus, in addition to its indication in 
adjuvant therapy, in the US tamoxifen is also 
approved by the Food and Drug Administration 
for the reduction of BC incidence in healthy 
women with an increased BC risk. Despite 
extraordinary preventive efficacy evidence, only 
limited data are available on the specific use of 
these agents in patients with BRCA mutations 
[18–22].

BRCA mutation carriers with BC have ele-
vated risks for developing contralateral breast 
tumors. In one of the largest prospective series of 
BRCA mutation carriers, the mean cumulative 
lifetime risks for contralateral BC were esti-
mated to be 83% for BRCA1 mutation carriers 

Table 17.1 Lifetime cancer risks in BRCA mutation carriers

Risk (%) of developing cancer by age

Current age
30 years 40 years 50 years 60 years 70 years
Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

BC, BRCA1
20 years 1.8 1.4 to 2.2 12 9.5 to 14 29 24 to 35 44 37 to 52 54 46 to 63
30 years – 10 8.2 to 13 28 23 to 34 44 36 to 52 54 45 to 63
40 years – – 20 16 to 25 38 31 to 45 49 41 to 58
50 years – – – 22 18 to 27 37 30 to 44
60 years – – – – 19 15 to 24
BC, BRCA2
20 years 1 0.78 to 1.4 7.5 5.8 to 9.8 21 17 to 26 35 20 to 42 45 38 to 53
30 years – 6.6 5.1 to 8.6 20 16 to 26 35 28 to 42 45 38 to 53
40 years – – 15 12 to 19 30 24 to 36 42 34 to 49
50 years – – – 18 15 to 22 32 26 to 38
60 years – – – – 17 14 to 20
OC, BRCA1
20 years 1 0.68 to 1.8 3.2 2.3 to 5.1 9.5 7.3 to 13 23 18 to 28 39 34 to 44
30 years – 2.2 1.6 to 3.4 8.7 6.7 to 12 22 18 to 27 39 34 to 43
40 years – – 6.7 5.2 to 8.9 20 17 to 24 38 33 to 41
50 years – – – 15 12 to 17 34 29 to 36
60 years – – – – 22 20 to 23
OC, BRCA2
20 years 0.19 0.09 to 0.47 0.7 0.37 to 1.5 2.6 1.5 to 4.5 7.5 5.1 to 11 16 12 to 20
30 years – 0.52 0.28 to 1 2.4 1.5 to 4.2 7.4 5.1 to 11 16 12 to 20
40 years – – 1.9 1.2 to 3.2 7 4.8 to 10 16 12 to 20
50 years – – – 5.2 3.7 to 7.2 14 17 to 11
60 years – – – – 9.8 7.8 to 11

BC, breast cancer; OC, ovarian cancer. Source [8]

Table 17.2 Features unique to BRCA1 carriers and 
BRCA2 carriers

Mutation
Onset of 
breast cancer

Onset of 
ovarian 
cancer

Frequent tumor 
features

BRCA1 Risk begins to 
increase 
considerably 
by age 40

Risk 
begins to 
increase 
by age 
36–39, 
with a 
2–3% risk 
by age 40

High-grade, 
ER-negative, 
PR-negative, 
HER2-negative, 
basal 
phenotype

BRCA2 Risk begins to 
increase 
considerably 
by age 45

Risk 
begins to 
increase 
by age 
44–46, 
with a 
2–3% risk 
by age 50

High-grade, 
ER-positive, 
PR-positive, 
HER2-negative, 
luminal 
phenotype

ER, estrogen receptor; PR, progesterone receptor; HER2, 
epidermal growth factor receptor 2. Sources [10]
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and 62% for BRCA2 mutation carriers [23]. 
Patients with BRCA mutations who have intact 
contralateral breast tissue (and who do not 
undergo oophorectomy or receive chemopreven-
tion) have an estimated 40% risk for contralat-
eral BC at 10  years [24]. Case-control studies 
from the Hereditary Breast Cancer Clinical 
Study Group reported that the use of tamoxifen 
was associated with a 45% to 60% reduction in 
the risk for contralateral tumors among BRCA 
mutation carriers with BC [25, 26]. Data were 
not consistent as regards the protective effects of 
tamoxifen in the subset of BRCA mutation carri-
ers who also underwent oophorectomy. In addi-
tion, no data were available on the ER status of 
the tumors. An evaluation of the subset of healthy 
individuals with a BRCA mutation in the Breast 
Cancer Prevention Trial revealed that the BC risk 
was reduced by 62% in those with a BRCA2 
mutation receiving tamoxifen relative to placebo 
[27]. However, an analysis of 288 women who 
developed BC during their participation in this 
trial showed that tamoxifen use was not associ-
ated with a reduction in BC risk in those with a 
BRCA1 mutation probably due to the greater 
likelihood for development of ER-negative 
tumors. This analysis was limited by the very 
small number of individuals with a BRCA muta-
tion diagnosed with BC (n  =  19; 7% of 
participants).

A very recent meta-analysis addressed 
whether adjuvant tamoxifen treatment for BC is 
associated with reduced contralateral BC risk 
among BRCA mutation carriers with primary 
unilateral BC. Pooled relative risks (RRs) were 
calculated for contralateral BC along with 95% 
confidence intervals (CIs). Four non-overlap-
ping studies were evaluated, and tamoxifen was 
found to be significantly associated with 
reduced risk of contralateral BC among BRCA 
mutation carriers (summary RR = 0.56, 95% CI 
0.41–0.76) [28]. Similar findings were observed 
in BRCA1 mutation carriers (summary 
RR  =  0.47, 95% CI 0.37–0.60) and BRCA2 
mutation carriers (summary RR = 0.39, 95% CI 
0.28–0.54) [28].

17.3.2  SERM: Raloxifene

Raloxifene, a second-generation SERM, has 
reduced the incidence of BC in preclinical mod-
els and in various clinical trials aimed to evaluate 
its effects for preventing osteoporosis and heart 
disease [20, 29]. Results of several previous trials 
led researchers to conduct a comparative, ran-
domized phase III study of raloxifene versus 
tamoxifen (Study of Tamoxifen and Raloxifene 
(STAR) or NSABP-P2 trial) in more than 19,000 
postmenopausal women at increased risk for BC 
[21]. Initial data showed the same efficacy as 
tamoxifen on infiltrating carcinomas but insuffi-
cient activity against in situ tumors. A recent 
update seems to show a small decrease in the effi-
cacy on infiltrating and a small gain on in situ 
tumors, with an ultimate approximation of their 
efficacy [22]. However, no data are currently 
available on the use of raloxifene for BC preven-
tion in BRCA mutation carriers.

17.3.3  Aromatase Inhibitors

A possible alternative to SERMs could be the use 
of aromatase inhibitors. The significant reduction 
in contralateral BCs found in adjuvant aromatase 
inhibitor clinical trials [30] has raised interest in 
these agents for primary prevention, in particular, 
because they may be associated with a less 
adverse effect profile, specifically thrombophilic 
events and endometrial cancer, as compared with 
SERMs. There have been two landmark studies 
on aromatase inhibitors for BC primary preven-
tion. The National Cancer Institute of Canada 
Clinical Trials Group Mammary Prevention 3 
(MAP.3) trial which utilized exemestane [31] and 
the IBIS-II with anastrozole [32] have shown that 
these agents were associated with a greater mag-
nitude of BC risk reduction as compared to 
SERMs.

There are no completed prospective studies 
evaluating the preventive role of aromatase inhib-
itors in women with BRCA mutations. However, 
there is an ongoing French study evaluating 
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 letrozole versus placebo in women with BRCA 
mutations [33]. It is noteworthy that a recent 
study evaluating the role of anastrozole in high 
risk who were carriers of BRCA mutations has 
shown a reduction in cancer incidence with the 
use of this and other inhibitors [34].

17.3.4  Any Evidence 
for Chemoprevention in BRCA 
Mutation Carriers?

In summary so far, in high-risk populations such 
as BRCA mutation carriers, we have not enough 
evidence of a sound effect of the very well-known 
chemopreventive compounds. Tamoxifen, how-
ever, appears as a very promising chemopreven-
tive drug to be further studied, at least in subjects 
prone to endocrino-responsive BC, such as 
BRCA2 mutation carriers. With respect to the evi-
dence on the effect of oral contraceptives (OrC) 
on cancer risk in women with a known BRCA 
gene mutation, case-control studies have demon-
strated that OrC reduced the risk of OC by 45% 
to 50% in BRCA1 mutation carriers and by 60% 
in BRCA2 mutation carriers [35]. Notably, risks 
appeared to decrease with longer duration of OrC 
use [36]. In a meta-analysis conducted in a large 
number of BRCA mutation carriers (1,503 
patients affected with OC and 6,315 without), the 
use of OrC significantly reduced the risk of OC 
by approximately 50% for both BRCA1 and 
BRCA2 mutation carriers [37]. These findings 
have been confirmed by another more recent 
meta-analysis which showed an inverse associa-
tion between OC and use of OrC [38].

Studies on the effect of OrC use on BC risk 
among BRCA mutation carriers have reported 
conflicting results, mainly due to many differ-
ences in the study design (e.g., criteria for defin-
ing the “control” population, family history, 
demographics, and formulations/duration of OrC 
used). In one case-control study, the use of OrC 
was associated with a modest but statistically sig-
nificant increase in BC risk only among BRCA1 
mutation carriers [39]. In this population, the BC 
risk was significantly associated with ≥5 years of 
OrC use, BC diagnosed before age 40, and use of 

“old-generation” (before 1975) OrC [39]. In 
another case-control study, among BRCA2 muta-
tion carriers, the use of OrC for at least 5 years 
was associated with a significantly increased risk 
for BC (odds ratio [OR] 2.06; 95% CI 1.08–3.94) 
and independently from OrC use (before or after 
1975) [40]. Two other case-control studies, how-
ever, have reported no significant associations of 
OrC use (especially low-dose formulations after 
1975) with the risk for BC in BRCA mutation car-
riers. Interestingly, in the latter study, the use of 
low-dose OrC for at least 1 year was associated 
with significantly decreased risk for BC among 
BRCA1 mutation carriers (OR, 0.22; 95% CI, 
0.10–0.49) [41, 42]. The two meta-analyses pre-
viously mentioned showed that OrC use is not 
significantly associated with a higher BC risk in 
BRCA mutation carriers [37, 38].

In summary, the current evidence is that the 
use of OrC (particularly the more recent formu-
lations after the year 1975) is clearly associated 
with a significant decrease in OC risk, while the 
effects on BC risk are somehow variable through 
the studies and may be overall considered as a 
moderate, not statistically significant increase.

17.3.5  The Problem of ER-Negative 
BCs

Estrogen receptor-negative and triple-negative 
BCs are types of aggressive tumors that account 
for approximately 30% and 15% of total BCs, 
respectively [43]. Notably, a high rate of BCs 
arising in BRCA1 mutation carriers is triple nega-
tive [44], and several cancers that arise in high- 
risk populations are generally nonhormonally 
responsive. For these reasons, preventive strate-
gies for nonhormonal breast malignancies are 
needed. A great number of novel chemopreven-
tive agents are currently under investigation in 
order to evaluate their efficacy in this particular 
cohort of patients, and they include retinoids, 
poly(ADPribose) polymerase (PARP) inhibitors, 
EGFR-tyrosine kinase inhibitors, metformin, 
cyclooxygenase-2 (COX-2) inhibitors, bisphos-
phonates, and peroxisome proliferator-activated 
receptor (PPAR) inhibitors (Table 17.3). Due to 
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their lack of proven efficacy or to an unaccept-
able risk-benefit ratio for healthy subjects, sev-
eral of these agents are currently on standby. 
Thus, only the most promising agents (retinoids, 
bisphosphonates, and metformin) are described 
further.

Retinoids
Retinoids (either natural or synthetic compounds 
structurally related to vitamin A) have for long 
been studied for their chemotherapeutic effect 
and for their chemopreventive potential in BC 
setting. They are relative safe compounds with 
principally cutaneous and ocular light side 
effects. In particular, from the dermatological 
standpoint, the main side effects of retinoids are 
mucocutaneous dryness, skin atrophy, and skin 
vulnerability. As far as the eye is concerned, reti-
noids can induce conjunctivitis on one side but 
also interfere with some mechanisms of vision 
and, in particular, with dark adaptation. However, 
they are able to regulate cell growth, differentia-
tion, and apoptosis in both ER-positive and 
ER-negative BC cells. An important phase III 
trial, recently updated [45], suggested a possible 
role of fenretinide as a preventive agent acting at 

different levels of breast carcinogenesis and, in 
particular, in young women. This protective 
effect was suggested also in women with a high 
probability of carrying a BRCA mutation.

Bisphosphonates
Bisphosphonates are commonly used in patients 
with BC to reduce skeletal-related events in met-
astatic disease and to mitigate bone loss associ-
ated with cancer therapy in early-stage disease. 
The most used antiresorptive agents are ibandro-
nate [46, 47], risedronate [48, 49], and zole-
dronic acid [50–52], and all of them have been 
shown to mitigate aromatase inhibitor-associated 
bone loss in a series of trials. The studies on 
bisphosphonates point to direct antitumor effects 
involving antiangiogenic, antiproliferative, and 
proapoptotic mechanisms [53], and beneficial 
effects in the prevention of BC recurrence have 
been documented. Moreover, two large cohort 
studies reported reductions in BC incidence of 
around 30% in bisphosphonate users [54, 55] 
with similar benefits for ER-negative BCs, sug-
gesting their possible role in BC prevention in 
high-risk populations including women with 
HBOC syndrome.

Table 17.3 Class, specific mechanisms, and agents actually involved in the treatment and prevention of ER-negative 
breast cancer

Class of biomolecules or molecular 
mechanisms Targets Drugs or agents
Nuclear receptor Retinoid acid X receptor (RXr)

Vitamin D Receptor (VDR)
Peroxisome proliferator-activated 
receptor (PPAR)

Fenretinide (4-HPR) 9 cis-retinoic 
acid (Targretin)
Vitamin D3 analogues
Troglitazone, rosiglitazone, 
pioglitazone

Membrane receptors and signal 
transduction

3-hydroxy-3- methylglutaryl-
coenzyme A (HMG-CoA)
Tyrosine kinase
Human epidermal growth factor 
receptor-1 (HER-1) or -2 (HER-2)
Insulin-like growth factor receptor 
(IGF-R) or insulin- like growth factor 
1 receptor (IGF-1) or insulin-like 
growth factor binding protein 3 
(IGFBP3)

Statins
Gefitinib
Trastuzumab (Herceptin), lapatinib, 
gefitinib, erlotinib
Metformin

Anti- inflammatory and antioxidant Cyclooxygenase (COX)-2 Celecoxib, rofecoxib, NSAIDs
Angiogenesis Vascular endothelial growth factor 

(VEGF)
Bevacizumab

DNA modulation BRCA1, BRCA2 PARP inhibitors

4-HPR, N-(4-hydroxyphenyl) retinamide; ER, estrogen receptor; NSAIDs, nonsteroidal anti-inflammatory drugs; 
PARP, poly (ADP-ribose) polymerases
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Metformin
Epidemiological studies have strongly suggested 
that metformin can reduce cancer risk and mor-
tality in subjects with diabetes mellitus. A recent 
meta-analysis [56] on 47 independent studies 
showed that in diabetic subjects, metformin 
reduced the overall cancer incidence by 31%, 
while mortality was reduced by 34%. Finally, 
several early-phase BC clinical trials tested the 
effects of metformin on tissue biomarkers and 
tried to determine whether these observations 
apply to nondiabetic populations. One of our 
recent studies [57] suggests a heterogeneous 
effect of metformin on BC proliferation (Ki67) 
depending on insulin resistance and other factors 
reflecting altered energy balance, with a trend to 
a decreased proliferation in women with elevated 
HOMA1 index and an opposite trend in women 
with normal insulin sensitivity. Moreover, met-
formin seems to be also able to increase apopto-
sis (determined by TUNEL2 assay in invasive 
tumor tissue, in particular, in patients with a met-
abolic imbalanced condition) [58].

The antineoplastic mechanisms of action of 
metformin involve several pathways through 
which the drug acts in direct or indirect mode. In 
particular, metformin regulates the AMPK/
mTOR pathway which is implicated in the con-
trol of protein synthesis and cell proliferation 
[59]. It is confirmed that metformin produces a 
significant repression of cell proliferation, and it 
has been found that this effect is different in 
human BC cell lines if related to either positive or 
negative ERs. In fact, a complete cell growth 
repression in ER-positive cell lines has been 
detected, while only a partial inhibition was 
detected in ER-negative phenotypes [60]. These 
data suggest that, although ER-negative cells are 
not as sensitive as ER-positive ones, both of them 
show a reduction in cell growth under metformin 
treatment. Although chemoprevention with met-
formin in healthy non-diabetic subjects has to be 

1 Homeostatic model assessment (HOMA): a method used 
to quantify insulin resistance and beta-cell function.
2 Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL): a method for detecting DNA 
fragmentation.

further validated, the choice of metformin 
appears much suited for chemoprevention of 
BRCA2-associated BCs, and further investiga-
tions are recommended in selected cohorts of 
high-risk women like those with familial BC risk 
or mutation carriers.

17.4  Lifestyle Changes 
and Natural Compounds

Lifestyle changes do offer an important strategy 
for cancer prevention [61]. They generally 
include diet and nutrition modifications as well 
as a regular and suitable physical activity. 
Recent attention has been given to the use of 
natural products in a preventive setting, espe-
cially in trying to counteract drug’s side effects, 
in addition to making a possible preventive 
approach [62]. Moreover, chemoprevention of 
BC by natural products is potentially advanta-
geous, as these compounds have few side effects 
and low toxicity compared to synthetic com-
pounds. Most of these natural products involve 
apoptotic factors, while others affect signaling 
pathways such as Akt/mTOR and EGFR/HER2. 
Generally, several of these compounds show 
inhibitory effects on every step of carcinogene-
sis, in tumor growth, angiogenesis, prolifera-
tion, invasion, and metastasis. Thus, natural 
products might be preventive agents that can 
reduce side effects and improve the effect of 
drugs in human BC, while maintaining high 
selectivity and low toxicity.

Some of the most promising compounds 
include catechins such as epigallocatechin gal-
late (EGCG), a green tea extract, curcumin, ber-
berine, carotenoids, omega-3 fatty acids, 
resveratrol, soy isoflavones, and vitamin D [63, 
64]. However, none of these dietary agents has 
been yet shown to consistently prevent BC, in 
particular, in high- risk subjects. So, in spite of 
the fact that natural products are a promising 
alternative strategy for cancer prevention, their 
potential efficacy in the prevention of BC and 
possibly, in general, of ER-negative and triple-
negative BC, in particular, should be determined 
in the near future.
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17.5  Conclusions

The success of several recent clinical trials in the 
preventive setting in selected high-risk popula-
tions suggests that BC chemoprevention can be 
an effective strategy. New pathways, biomarkers, 
and agents are actively searched in the subgroup 
of cancers in high-risk subjects and have been 
recently put under investigation in order to 
improve effectiveness and reduce toxicity of pre-
ventive drugs. These strategies, accompanied by 
reasonable lifestyle, nutrition changes, and a per-
sonalized surveillance program (including MRI), 
could be a decisive step toward a better personal-
ized BC prevention in high-risk women.
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Abbreviations

BCT Breast-conserving therapy
CBC Contralateral breast cancer
EOC  Epithelial ovarian cancer
HBOC Hereditary breast and ovarian 

cancer syndrome
HER2 Human epidermal growth factor 

receptor 2
HR Hazard ratio
IBTR Ipsilateral breast tumor recurrence
MRI Magnetic resonance imaging
NSM Nipple-sparing mastectomy
PMRT Postmastectomy radiation therapy
RRSO Risk-reducing 

salpingo-oophorectomy
SLN Sentinel lymph node

18.1  Introduction

Hereditary breast and ovarian cancer syndrome 
(HBOC) occurs in families and increases the risk 
of breast cancer, ovarian cancer, or both in an 

autosomal dominant pattern. Approximately 5 to 
10% of breast cancers is hereditary, and BRCA 
mutations occur in 2.0 to 4.7% of breast cancer 
patients [1, 2]. It is estimated that the cumula-
tive risk of female breast cancer to the age of 70 
is 46–65% for BRCA1 and 43–45% for BRCA2 
mutation carriers (Table  18.1) [3, 4]. Ovarian 
cancer occurs in approximately 39% of BRCA1 
and 11% of BRCA2 mutation carriers. Male 
breast cancer occurs in about 1.2% of BRCA1 
and 6.8% of BRCA2 mutation carriers; however, 
this risk is lower than that of an average female in 
the general population [5]. Additionally, HBOC 
patients with breast cancer treated with breast-
conserving therapy (BCT) are at considerable 
risk of developing an ipsilateral breast tumor 
recurrence (IBTR) or contralateral breast cancer 
(CBC). Apart from BRCA1 and BRCA2, many 
other gene mutations have been found to contrib-
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Table 18.1 Risk of breast and Ovarian cancer in BRCA 
mutation carriers

Risk
BRCA1 
mutation

BRCA2 
mutation Reference

Primary breast 
cancer

46–65% 43–45% [3, 4]

Ipsilateral breast 
tumor recurrence) 
following breast- 
conserving therapy

11.6% (8 years)
12.1% (10.5 years)

[39]
[40]

Contralateral breast 
cancer

23% (8 years)
18.4% (11 years)

[39]
[41]

Male breast cancer 1.2% 6.8% [5]
Ovarian cancer 39% 11% [3, 4]
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ute or are suspected to contribute to HBOC, e.g., 
ATM, PTEN, and TP53. These are comprehen-
sively reviewed in Chap. 3. Current gene-panel 
sequencing allows multiple genes to be tested 
simultaneously; however, these results must be 
interpreted with caution because there is lack of 
data on cancer penetrance associated with some 
of these mutations [6].

There are three strategies to manage the risk of 
breast and ovarian cancer in high-risk individu-
als: chemoprevention, screening, and prophylac-
tic surgery.

The first option, chemoprevention, has 
been shown to reduce the risk of breast can-
cer in postmenopausal women. Unfortunately, 
 chemoprevention drugs are poorly tolerated in 
young women because of their side effects, and they 
have not been proven to be effective [7]. The reader 
can find more details on this topic in Chap. 17.

The second option is screening. Ovarian 
cancer screening cannot be recommended as a 
substitution for bilateral risk-reducing salpingo-
oophorectomy (RRSO), because it is not sensi-
tive enough [8, 9]. Six-monthly transvaginal 
ultrasound and serum CA-125 measurement 
can be performed in women who are postponing 
RRSO, from the age of 30 to 35 years. On the 
other hand, breast cancer screening with regular 
magnetic resonance imaging (MRI), commenc-
ing age 25–30  years, and mammography, from 
age 30 years, is effective and should be recom-
mended for all women from HBOC families 
[8–10]. However, although screening allows an 
earlier detection of breast cancer, it does not 
reduce the risk of its occurrence, nor does it elim-
inate the risk of mortality. Additionally, because 
BRCA1-associated breast cancers are frequently 
triple-negative, high-grade cancers [11], even 
small screen-detected cancers usually require 
chemotherapy as part of their treatment, and they 
impact on patient survival.

The third option for managing risk in indi-
viduals from HBOC families is prophylactic sur-
gery. The advantage of surgery over screening is 
that it almost eliminates the risk of developing 
cancer. In healthy women, the adverse events of 
a more extensive axillary surgery and adjuvant 
cancer treatments can be avoided, and the risk 

of mortality is reduced—thus ending a regime of 
costly and emotionally charged breast screening. 
However, prophylactic surgery is not a panacea; 
it can result in surgical and emotional complica-
tions, and can have effects on long-term general 
health. Prophylactic surgery can also be consid-
ered in HBOC patients who develop cancer: how-
ever, the benefit gained from prophylactic surgery 
needs to be balanced with the risk of recurrence 
or death from the index cancer. In this chapter, we 
consider suitable patients for prophylactic mas-
tectomy and oophorectomy, and discuss evolving 
surgical techniques that can improve quality of 
life following prophylactic surgery.

18.2  Prophylactic Surgery 
in Women Who Do Not Have 
Breast Cancer

Healthy women from HBOC families will fre-
quently have attended genetic counselors and will 
frequently have had genetic testing performed. 
They may be aware of their risk of developing can-
cer and have commenced breast screening. They 
may now want to consider prophylactic surgery.

It should be remembered that prophylactic 
surgery is a significant undertaking, and candi-
dates must be medically suitable. Individuals 
who are at high risk of complications should be 
discouraged from having prophylactic surgery. 
This includes elderly women as well as those 
with cardiovascular disease, significant respi-
ratory disease, and diabetes. It also includes 
women who are smokers or obese, although 
these risks may be modified. Individuals who are 
at risk of HBOC may be overwhelmed with deci-
sions about screening or prophylactic surgery. 
Younger women need to consider the effects of 
interventions on their fertility and body image. 
Older women may feel their risk of cancer is no 
longer as high and may prefer to avoid prophy-
lactic surgery. Decision-making tools can help. 
For instance, healthy BRCA mutation carriers 
can calculate their probability of developing 
cancer and surviving it, with or without prophy-
lactic surgery in combination with MRI screen-
ing [12]. This online model estimates that when 
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prophylactic mastectomy and oophorectomy are 
performed immediately after diagnosing a BRCA 
mutation, life expectancy gains can be up to 
10 years in BRCA1 mutation carriers and 4 years 
in BRCA2 carriers [13]. However, an individual’s 
risk of developing HBOC can only be crudely 
estimated using online models, and the beneficial 
effects of MRI and prophylactic surgery can be 
overestimated [14].

18.2.1  Bilateral Risk-Reducing 
Mastectomy

Breast cancer risk reduction. A recent review 
considered the effects of risk-reducing mastec-
tomy in women who have not had cancer from 
families with HBOC syndrome [15]. The risk of 
breast cancer was reduced by 90% or more in four 
observational studies comparing women who 
underwent prophylactic mastectomy with similar 
women who did not have surgery. The results of 
these series were originally published between 
1999 and 2004, and most subsequent studies 
have confirmed their findings. Bilateral mastec-
tomy is widely promoted by healthcare bodies, 
including the Society of Surgical Oncology [8, 
9, 16]. There is a wide international variation in 
prophylactic mastectomy rates and in subsequent 
breast reconstruction rates. These are both higher 
among patients in North America and Western 
Europe, compared to patients in Eastern Europe 
and Israel [17–19].

Complications and surgical development. 
Complications may occur following risk- 
reducing mastectomy; in one case series of 
high- risk patients, 49.6% of women undergoing 
risk-reducing mastectomy and reconstruction 
had a complication. These were frequently cos-
metic, such as capsular contraction, and resulted 
in reoperation in most patients [20]. With evolv-
ing surgical techniques and experience, outcomes 
are improving for BRCA mutation carriers who 
undergo mastectomy. The final cosmetic results 
following nipple-sparing mastectomy (NSM) and 
implant-based reconstruction are now more real-
istic and acceptable (Fig. 18.1). In a recent series 
of 177 NSMs in 89 BRCA mutation carriers 

(26 in patients with breast cancer, 63 prophylac-
tic), there were no recurrences or occurrences of 
breast cancer at a median follow-up of 26 months 
[21]. Subsequent excision of the nipple-areola 
complex was performed in 6% of them because 
of nipple involvement or necrosis. The low com-
plication rate included skin debridement because 
of desquamation in 7.3% and implant removal 
in 3.4%. In a series of 397 NSMs in 201 BRCA 
mutation carriers (51 in patients with breast can-
cer, 150 prophylactic), 4 cancer events occurred 
with a mean follow-up of 32.6  months: 3  in 
breast cancer patients and 1 following prophylac-
tic mastectomy [22].

Psychosocial consequences. Prophylactic 
mastectomy may have either positive or negative 
consequences at both the psychological level and 
the social level. Among 522 women with a family 
history of breast cancer who underwent bilateral 
prophylactic mastectomy 14.5 years before, 70% 
were satisfied with the procedure and 74% were 
less concerned about developing breast cancer 
[23]. A recent systematic review of 22 studies 
concluded that patients have high rates of satis-
faction following bilateral prophylactic mastec-
tomy [24]. Overall, 70% were satisfied with their 
outcome and 95% did not report any regrets. More 
than 60% of patients in this review had favorable 
responses related to their body image and sexual 
well-being, although more than 70% experienced 
negative somatosensory function. Recently, it has 
been shown that women undergoing prophylactic 
mastectomy who retain the nipple- areolar com-
plex have an improved body image and sexual 
functioning compared to patients who had a skin-
sparing mastectomy [25].

18.2.2  Risk-Reducing Salpingo- 
Oophorectomy (RRSO)

Ovarian cancer risk reduction and associated 
mortality. RRSO is effective in preventing ovar-
ian cancer. The risk of ovarian and pelvic high- 
grade serous cancers was reduced in 7 studies 
investigating the efficacy of RRSO in BRCA 
mutation carriers [15]. On meta-analysis, this 
risk was reduced by approximately 80% [26]. 
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RRSO is promoted in guidelines for BRCA1 
and BRCA2 mutation carriers between the age 
of 35 and 40 years [8, 27]. RRSO can probably 
be delayed for several years in BRCA2 mutation 
carriers because their risk of ovarian cancer is 
lower and less likely before the age of 50 years. 
The prospective Prevention and Observation 
of Surgical Endpoints (PROSE) study investi-
gated the effects of prophylactic surgery in 2,482 
BRCA mutation carriers, identified in 21 genetic 
centers [28]. Forty percent had RRSO performed, 
and at a median follow-up of 3.7 years, they had 
reduced all-cause mortality (hazard ratio [HR] 
0.40; 95% confidence interval [CI] 0.21–0.61), 
breast cancer- specific mortality (HR 0.44; 95% 
CI 0.26–0.076), and ovarian cancer-specific mor-
tality (HR 0.25; 95% CI 0.08–0.75).

Breast cancer risk reduction. It is more dif-
ficult to evaluate the effects of RRSO on breast 
cancer risk, because most studies included 
patients who already had breast cancer. Five 
studies excluded BRCA mutation carriers with 
prior breast cancer. When RRSO was performed 
before the onset of menopause, the risk of breast 
cancer was reduced by half [15]. A recent nation-
wide Dutch study has re-examined this topic and 
attempted to eliminate other causes of potential 
bias. As well as excluding BRCA mutation car-
riers with previous breast cancer or ovarian can-
cer, prophylactic mastectomy resulted in patient 
censoring, and the group that did not undergo 
surgery were allocated time prior to surgery [29]. 
The investigators then failed to find a reduction 
in breast cancer risk in patients who had RRSO 
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Fig. 18.1  a–d. Long-term cosmetic results in 2 patients following bilateral nipple-sparing mastectomy and implant- 
based reconstruction
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performed. We should keep this in mind when we 
discuss RRSO in terms of reducing breast cancer 
risk with patients; this may no longer be consid-
ered a definite benefit.

Long-term effects of RRSO. Prophylactic 
salpingo- oophrectomy is a relatively straight-
forward procedure that can be performed lapa-
roscopically, as a day-surgery case. There are 
psychosocial benefits to performing RRSO in 
BRCA mutation carriers. In one study, 80% of 
BRCA mutation carriers who had RRSO had a 
reduced cancer-related concern, and 95% were 
satisfied with their decision [30]. However, the 
sudden onset of an induced menopause can have 
significant effects in BRCA mutation carriers [31]. 
Some of these symptoms can be relieved with 
short-term hormone replacement therapy, and 
this strategy has not been shown to be harmful 
following RRSO. Unfortunately, there are several 
negative long-term health effects associated with 
premature surgical menopause. These include 
increased cardiovascular disease and osteoporo-
sis, and may include accelerated cognitive decline 
in elderly women. These important consequences 
should be considered by women contemplating 
prophylactic salpingo-oophrectomy.

18.3  Prophylactic Surgery 
in HBOC Patients 
with Ovarian Cancer

Before performing prophylactic surgery on 
HBOC patients, the risk of mortality from their 
index cancer needs to be considered carefully. 
Unfortunately, the overall prognosis of ovarian 
cancer in HBOC patients is poor, and prophylac-
tic breast surgery is generally not appropriate.

In a series of 1,421 patients diagnosed with 
epithelial ovarian cancer (EOC), 177 (12.5%) 
were found to be BRCA1 or BRCA2 mutation car-
riers [32]. The 10-year actuarial survival of muta-
tion carriers with stage III/IV serous cancers and 
no residual cancer was 29%. Similarly, in another 
series, the overall 10-year survival rate for 135 
BRCA mutation carriers with EOC was 17% [33]. 
Because of poor survival rates, only 12 patients 
(8.9%) developed breast cancer at a median of 

50.5 months following the diagnosis of EOC; all 
had early (stage 0–II) breast cancer.

Using an international registry of 509 BRCA 
mutation carriers with ovarian cancer, 20 (3.9%) 
developed breast cancer within 10  years [34]. 
The actuarial risk of developing breast cancer 
at 10 years was 7.8%, and this was conditional 
on surviving ovarian cancer and other causes of 
mortality. Improved survival was only observed 
with MRI or mastectomy in women who had 
survived 10 years following ovarian cancer and 
those with stage I or II cancer.

In summary, because of the poor survival 
associated with ovarian cancer in HBOC patients, 
prophylactic breast surgery is not usually appro-
priate. The exceptions to this may include women 
with early-stage ovarian cancer and long-term 
survivors of ovarian cancer.

18.4  Prophylactic Surgery 
in HBOC Patients with Breast 
Cancer

Individuals from families with HBOC syndrome 
and a documented gene mutation, who are under-
going breast surveillance, may be diagnosed with 
breast cancer. In this case, the diagnosis of HBOC 
syndrome may be straightforward. However, it is 
important to recognize a potential HBOC syn-
drome, in all patients diagnosed with breast can-
cer (see, for instance, Case 1 and Case 2). This 
allows prompt genetic testing to be performed, 
so that prophylactic surgery can be considered 
at the same time as their cancer surgery. There 
are several guidelines available to help clinicians 
decide which patients are appropriate candidates 
for genetic testing. The American Society of 
Breast Surgeons (ASBS) has recently revised its 
consensus guideline on hereditary genetic testing 
for patients with and without breast cancer [35]. 
It now recommends that genetic testing should 
be made available to all patients with a personal 
history of breast cancer, and to patients with-
out a history of breast cancer who meet NCCN 
guidelines. It recommends that patients who had 
genetic testing performed prior to 2014 may ben-
efit from having this repeated.
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Often, the first decision to be made by HBOC 
patients with breast cancer is what type of sur-
gery to have. The prognosis of the index breast 
cancer must be considered; extensive prophy-
lactic surgery may not be appropriate in  locally 
advanced breast cancer, when the risk of recur-
rence is high. Most early breast cancer patients 
can be adequately treated with BCT or a unilat-
eral mastectomy. However, these strategies may 
result in a high risk of IBTR or CBC in HBOC 
patients, and bilateral mastectomy may be more 
appropriate. It is not surprising that the surgi-
cal decisions made by breast cancer patients are 
influenced by whether they know if they have 
HBOC syndrome at the time of their diagnosis. 
At the Mayo Clinic in the United States, bilateral 
mastectomy was chosen by 82.5% (52/63) who 
knew they were BRCA mutation carriers at diag-
nosis of stage 0–III breast cancer, compared to 
29% (27/93) who did not realize they were BRCA 
mutation carriers [36]. It is important to note that 
the high rate of bilateral mastectomy in patients 
who did not have a BRCA mutation represents 
an increasing phenomenon in patients diagnosed 
with unilateral breast cancer [37].

We have realized for 15  years that HBOC 
patients have increased rates of IBTR and CBC 
when treated with BCT or a unilateral mastec-
tomy, compared to patients with sporadic breast 
cancer [38]. However, the design of early studies 
was often biased, and patients did not receive ade-
quate treatment by today’s standards (e.g., data 
on margins was unavailable, axillary surgery was 
often omitted, and patients did not receive anti-
estrogen treatment). Larger multi- institutional 
studies have revisited the risk of IBTR in BRCA 
mutation carriers treated with BCT and of CBC 
in BRCA mutation carriers who underwent BCT 
or had a unilateral mastectomy (Table 18.1).

Lori J. Pierce and coworkers [39] reported on 
655 BRCA mutation carriers treated with BCT 
or mastectomy in patients from 9 institutions. 
The rate of IBTR was 11.6% (35/302) in patients 
treated with BCT after a median follow-up of 
8.2 years. This was significantly greater than the 
3.1% IBTR rate (11/353) in mastectomy patients 

with a median follow-up of 8.9 years. The rate of 
CBC during follow-up was 23.0% (148/643) in 
BCT and unilateral mastectomy patients. Kelly 
A.  Metcalfe and coworkers [40] reported on 
BRCA mutation carriers ≤ 65 years of age with 
stage I and II breast cancer, treated between 1975 
and 2008 at 10 genetic clinics. The risk of IBTR 
was 12.1% (48/396) in patients treated with BCT 
at a mean follow-up of 10.5  years. The risk of 
CBC was 18.4% (149/846) in patients treated 
with BCT or unilateral mastectomy, with a mean 
follow-up of 11.1  years [41]. Although recently 
published, these multicenter studies are retro-
spective and contain breast cancer patients treated 
four decades ago. Additionally, despite efforts 
to reduce its causes, bias cannot be eliminated. 
However, we can conclude that early-stage HBOC 
patients with breast cancer treated with BCT or a 
unilateral mastectomy are at a clear disadvantage 
in terms of IBTR and CBC. These patients may 
benefit more from bilateral mastectomy.

Case 1
A 37-year-old female presented to the symp-
tomatic breast clinic with a left breast lump she 
noticed 3 weeks previously. She was healthy and 
did not have a family history of breast cancer, 
although a paternal aunt had been diagnosed 
with ovarian cancer at 47  years. Mammogram, 
ultrasound, and biopsy confirmed an invasive 
ductal carcinoma, grade 2, measuring approxi-
mately 2  cm (Fig. 18.2a–b). The tumor was 
strongly estrogen- and progesterone-receptor 
positive and human epidermal growth receptor 2 
(HER2) negative, and had a Ki-67 of 10%.

She underwent left breast wide local excision 
(Fig. 18.2c) and sentinel lymph node biopsy. The 
pathologic analysis confirmed a 20mm invasive 
ductal carcinoma, grade 2, with clear resection 
margins and 3 negative sentinel lymph nodes. 
This was a stage IA breast cancer (T1c N0). 
Oncotype DX (Genomic Health, Redwood City, 
CA, USA) testing confirmed a low-risk 21-gene 
recurrence score of 13; therefore, the benefits of 
adjuvant chemotherapy above tamoxifen alone 
were minimal.
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Fig. 18.2  Breast cancer treatment in a 37-year-old 
BRCA2 mutation carrier (Case 1). (a) Mediolateral mam-
mogram views with left breast cancer highlighted. (b) 
Ultrasound view of left breast cancer. (c) Specimen X-ray 
performed following wide local excision of left breast 

cancer. (d) Appearance following left breast wide local 
excision. (e) One week following bilateral nipple-sparing 
mastectomy with drains still in place. (f) Six weeks fol-
lowing surgery, with tissue expanders fully inflated
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Genetic testing revealed that this patient was 
a BRCA2 mutation carrier, with a heterozy-
gous frameshift mutation. She received genetic 
counseling and chose to undergo bilateral pro-
phylactic mastectomy rather than completing 
breast-conserving therapy by proceeding to left 
whole-breast radiotherapy. Bilateral nipple- 
sparing mastectomy with immediate tissue 
expander reconstruction was performed (Fig. 
18.2d–f). Pathology revealed no residual cancer 
in the left breast, and a benign right breast and 
sentinel lymph nodes. Prophylactic oophorec-
tomy is currently being considered by this patient.

A key question in this scenario is the follow-
ing: Is there a survival advantage to bilateral mas-
tectomy in HBOC patients with breast cancer?

Several retrospective studies have found an 
association between improved survival and con-
tralateral mastectomy in BRCA mutation carriers, 
although these studies contain many confounding 
factors [42–44]. Kelly A. Metcalfe and coworkers 
found that patients who underwent bilateral mas-
tectomy had improved survival [43]. However, 
these patients were also significantly younger, 
were treated later in the study, had smaller tumors, 
and were more likely to receive chemotherapy 
and undergo oophorectomy. Commentators have 
questioned if higher income or better medical 
insurance was a factor, by increasing access to 
bilateral mastectomy. Additionally, breast MRI 
surveillance was not performed in patients with 
remaining breast tissue. Therefore, these studies 
do not prove that there is a survival advantage 
in HBOC patients who undergo bilateral mas-
tectomy. This is not surprising because of the 
relatively low risk of breast cancer recurrence at 
10 years and the short follow-up time of patients in 
these studies. In the Early Breast Cancer Trialists’ 
Collaborative Group overview [45], a reduction 
in the 15-year breast cancer mortality was only 
found when there was a 10% or more difference 
in local recurrence at 5 years follow-up.

However, other factors should be considered 
when discussing treatment options in HBOC 
patients with breast cancer.

Not all HBOC patients with breast cancer 
choose to undergo bilateral mastectomy. Older 

patients, perhaps with a BRCA2 mutation and 
an estrogen-sensitive breast cancer, may prefer 
BCT. They may feel their risk of IBTR and CBC 
is lower than that of a younger BRCA mutation 
carrier. In BRCA mutation carriers treated with 
BCT, the risk of IBTR was reduced with adju-
vant chemotherapy [39, 40]. Lower rates of CBC 
have been observed in BRCA mutation carriers 
over 50  years of age with breast cancer com-
pared to patients age < 50 years [46]. Concerns 
have previously been raised about the effect of 
adjuvant radiotherapy as part of BCT in BRCA 
mutation carriers [47]. Although there is a theo-
retically increased risk of second malignancies, 
e.g., radiation- induced sarcomas, this has not 
been observed in clinical studies.

Mastectomy and breast reconstruction tech-
niques are continually evolving, resulting in 
improved quality of life in breast cancer patients, 
including those with HBOC. NSM is increas-
ingly used to treat suitable patients with early 
breast cancer, and its role has been established in 
BRCA patients with breast cancer [21, 48]. Using 
the BREAST-Q patient-reported outcome instru-
ment, patients who underwent NSM and recon-
struction had improved psychosocial scores and 
sexual well-being, compared to patients who had 
skin-sparing mastectomy and nipple reconstruc-
tion [49]. It is reassuring that a meta-analysis has 
found similar oncologic outcomes with NSM 
compared to modified-radical or skin-sparing 
mastectomy [50].

Case 2
A 38-year-old female presented to the symptom-
atic breast clinic after noticing a right breast 
lump. She was healthy, but had a significant fam-
ily history of breast and ovarian cancer. These 
included her mother who had bilateral breast 
cancer at the age of 38 and 39 years, a mater-
nal aunt with ovarian cancer aged 67  years, 
and a male maternal cousin with breast cancer 
aged 30  years. Mammogram, ultrasound, and 
biopsy revealed two invasive ductal carcinomas, 
grade 2, measuring approximately 2.2  cm each 
(Fig. 18.3a). The tumors were estrogen- and 
progesterone- receptor positive, and HER2 equiv-
ocal, with a Ki-67 of 50%.
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Because of her family history, she requested 
bilateral mastectomy. Bilateral NSM and SLN 
biopsy were performed. The pathology of the 
right side revealed an invasive grade 2, mixed 
ductal, and lobular carcinoma, measuring 
45  mm, with 1 of 2 SLNs containing a micro-
metastasis. Histological examination of the 
left side revealed a mammographically occult 
invasive ductal carcinoma, grade 2, measuring 
32  mm, with all 3 SLNs containing macrome-
tastases. The left breast cancer was estrogen- 
and progesterone- receptor positive, and HER2 
equivocal, with a Ki-67 15%. A completion axil-
lary lymph node dissection was performed on 
the left side and revealed micrometastasis in 

a further 1/22 lymph nodes. The symptomatic 
right breast cancer was stage IIB (T2 N1mi), 
and the unsuspected left breast cancer was stage 
IIIA (T2 N2a). A positron emission tomography/
computed tomography scan was performed to 
rule out metastatic breast cancer, following 
which our patient received adjuvant chemo-
therapy and PMRT to the left chest wall. PMRT 
was delivered to the fully inflated left tissue 
expander, and the local reaction to radiotherapy 
can be seen in Fig. 18.3b, c. This greatly settled 
during the following 2 months (Fig. 18.3d), and 
exchange of the tissue expanders to permanent 
implants will be performed 6 months following 
completion of PMRT.
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Fig. 18.3 Challenges in breast cancer treatment in a 
38-year-old BRCA2 mutation carrier (Case 2). (a) 
Mediolateral mammogram views. (b, c) Skin reaction 
1 week following postmastectomy radiation therapy to left 

reconstructed breast following bilateral nipple-sparing 
mastectomy. Fully inflated tissue expanders are in place. 
(d) Improvement in skin reaction left reconstructed breast, 
2 months following postmastectomy radiation therapy
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Genetic testing revealed that our patient was 
a BRCA2 mutation carrier, with a heterozygous 
frameshift mutation. She is currently considering 
the merits of having a prophylactic oophorectomy.

The increasing use of NSM has led to challenges 
for clinicians. In one series, Briar L.  Dent and 
coworkers [51] found an increased risk of mastec-
tomy flap necrosis and hematoma in patients who 
had prior cosmetic breast augmentation or reduc-
tion compared to those without prior cosmetic 
breast surgery. In contrast, M.J.  Frederick and 
coworkers [52] found that complications follow-
ing NSM were not related to prior breast surgery, 
but increased in patients who received radiother-
apy prior to NSM. In an expanded series, the same 
institution found that additional independent risk 
factors for complications following NSM were 
postmastectomy radiation therapy (PMRT), smok-
ing, age > 55 years, breast volume > 800 cm3, and 
the use of a periareolar incision [53]. Although 
complications occurred in irradiated breasts, it is 
encouraging that nipple loss and reconstructive 
failure were uncommon.

A recent joint panel of medical, surgical, and 
radiation oncologists has re-examined the evidence 
for PMRT and issued a guideline statement [54]. 
There is strong evidence that PMRT reduces the 
risk of recurrence and mortality in patients with T1 
or T2 tumors (less than 5 cm) and 1 to 3 positive 
lymph nodes. The importance of this is that more 
breast cancer patients with HBOC syndrome will 
require PMRT following mastectomy and recon-
struction. Investigators continually seek strategies 
to improve the risk profile for patients with a breast 
reconstruction who require PMRT. For two-stage 
prosthetic reconstruction, when radiation therapy 
is delivered to the tissue expander rather than the 
permanent implant, the aesthetic results and capsu-
lar contracture rates are improved, although recon-
structive failure rates are higher [55].

18.5  Conclusions

HBOC syndrome occurs in families and follows 
an autosomal dominant pattern of inheritance. 
The risks of breast cancer, ovarian cancer, or both 

are greatly increased in women who carry a del-
eterious gene mutation. The most common gene 
mutations associated with HBOC are BRCA1 and 
BRCA2 mutations.

Strategies to manage the risk of HBOC have 
been extensively studied, and are comprised of 
chemoprevention, screening, and risk-reducing 
surgery. Chemoprevention has been success-
fully used in postmenopausal women, but the 
side effects have proven intolerable for young 
women at risk of HBOC. Ovarian screening with 
ultrasound and CA-125 measurement has limited 
sensitivity and is only recommended for women 
deferring RRSO. Breast screening with MRI and 
mammography can detect cancers earlier than 
mammography alone, and should be performed 
in patients at risk for HBOC. However, although 
small breast cancers can be detected with screen-
ing, BRCA1-associated breast cancers are fre-
quently high grade and triple negative. This 
means that even early breast cancers normally 
require chemotherapy and breast cancer fatalities 
can occur.

The best way to prevent cancer from occur-
ring in individuals at risk of HBOC is by per-
forming risk-reducing surgery. Prophylactic 
mastectomy has reduced the occurrence of 
breast cancer by 90% or more in recent stud-
ies. RRSO is 80% effective in preventing 
ovarian cancer. Because of its success in pre-
venting cancer, prophylactic surgery is widely 
recommended by healthcare bodies. Although 
it is associated with morbidity and loss of femi-
ninity, NSM and better-quality reconstructive 
techniques have improved the acceptability of 
prophylactic breast surgery. Most women are 
less fearful about developing cancer after risk-
reducing surgery, and the majority do not regret 
their decision. A recent study, which attempted 
to eliminate bias, has cautioned us that the 
RRSO might not actually reduce the risk of 
developing breast cancer. This must be kept 
in mind when counseling patients, especially 
those who are reluctant to pursue risk-reduc-
ing  mastectomy. Potential RRSO candidates 
must be made aware of the long-term risks of 
increased cardiovascular disease, osteoporosis, 
and cognitive decline.
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Prophylactic surgery is an important concept 
in the treatment of appropriate patients diag-
nosed with HBOC-associated cancer. Cancer 
patients must be carefully evaluated before offer-
ing risk- reducing surgery, because it will not 
improve the survival of patients with advanced 
index cancers or those with life-limiting medi-
cal comorbidities. Prophylactic breast surgery is 
only suitable for patients with early-stage ovar-
ian cancer or for long-term disease-free survivors 
following ovarian cancer treatment. Conversely, 
most HBOC- associated breast cancer patients are 
diagnosed at an early stage, and the prospect of 
survival is good. Therefore, bilateral mastectomy 
is a prudent option because of the high risk of 
IBTR and CBC. Recently, the benefit of PMRT 
has been established in patients with breast can-
cers less than 5 cm in size and with 1 to 3 posi-
tive lymph nodes. Because more patients are now 
receiving PMRT following NSM and reconstruc-
tion, strategies to reduce the increased risk of 
radiation- induced complications are more impor-
tant. Bilateral mastectomy is not mandatory for 
all patients with early-stage HBOC-associated 
breast cancer. BCT is an acceptable option for 
older BRCA mutation carriers with hormone-
sensitive breast cancer who want to avoid more 
extensive surgery and whose risk of developing 
CBC is lower.

The improvement in access to quicker and 
less expensive genetic testing has meant that 
more individuals at risk of HBOC syndrome, or 
patients with HBOC-associated cancers, are can-
didates for prophylactic surgery. Perhaps in the 
future, genetic engineering or gene therapy will 
eliminate the occurrence of HBOC-associated 
cancers. For now, prophylactic surgery is king.
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19.1  Introduction

A disease or the fear of a disease goes beyond bio-
logical and medical issues and imply several psy-
chological aspects. When considering a person, 
affected or not affected with the disease, candidate, 
or asking for genetic testing, we should understand 
who she (or he1) is, i.e., we should know her/his 
personal and family history. In addition, we should 
evaluate the quality of her/his interaction with the 
physicians, which is influenced by the personal 

1 In the following text, we will refer to women or female 
patients, even though high-risk patients can be also men, 
especially in the case of BRCA2 mutation carriers.

and family history, aims, and the cultural context, 
as well as by the capability of both the woman and 
the physician(s) to establish an effective bidirec-
tional transfer of all relevant information.

The choice of language type, more or less sci-
entific or descriptive; the usage of flyers, books, 
or online tools; and the type of consent forms and 
of any other material provided by the counselor 
to the woman (the counselor) strongly contribute 
to create the context of the relationship that will 
be established. The interview planned before the 
decision to perform a genetic test is absolutely 
important to define the quality of the relationship, 
the level of confidence between the woman and 
the physician(s), as well as the expectations about 
the future on both sides of the relationship. The 
multidisciplinary team must be coherent with a 
communication style to be discussed and updated 
according to the experiences coming from the real 
work life of the team. There is evidence [1] that a 
communication style supporting patient’s auton-
omy positively impacts on the decision quality.

The literature on the specific topic of high-
risk women is not so large and is also difficult to 
interpret due to the interplay of specific variables 
we partially mentioned previously:

• The history of the woman asking for genetic 
testing and potentially receiving the result;

• The history of the relationship between the 
referring physician(s) and the psychologist 
acting as counselor (expected to be not only 
experts but also sensitive humans);
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• The acute biographic anxieties frequently 
reported during the psychological counseling 
(e.g., newly diagnosed breast cancer (BC), 
recent death of a close relative, current preg-
nancy) and taking also into account the time 
needed to obtain the results of the test;

• The evolution of scientific research that 
accumulates new knowledge and modifies 
the clinical practice, in particular, in the field 
of risk prediction and of screening high-risk 
women, including the use of tests such as 
breast magnetic resonance imaging (MRI), 
implying to stay in a tube in prone position 
for a relatively long examination time, and 
to be intravenously injected with a contrast 
material.

The following points should be preliminar-
ily investigated during the first interview and are 
very useful for planning the future interaction.

 1. Is it the first time that the woman is asking for 
a psychological counseling? If not, consider 
the request if a second opinion may be the 
result of an anxious search for confirmation or 
for a different view due to personal/family 
events or to news from the media or Internet 
that induced a cancer phobia.

 2. Why the woman is also asking for a psycho-
logical counseling? Is she a patient newly 
diagnosed with a BC? Was she affected in the 
past? Or is she healthy but the family history 
posed the suspect of the presence of a deleteri-
ous mutation?

 3. What does the woman already know? Is she 
already aware of the results of the reconstruc-
tion of the genealogic tree? Do we need to 
explain probabilities using graphical tools?

If these points are clarified during the first 
interview, the next steps, including the possible 
decision to perform the genetic test, will be 
relatively easier. This decision may be taken by 
the woman immediately or during a subsequent 
interview. Anyway, she must have the time to 
understand the information given to her, showing 
to be able to repeat the essential knowledge on 
her condition using her own language.

Scientific terms are often used by the woman 
to gratify the consultant psychologist, but we 
should remember that this does not imply a suf-
ficient understanding of the matters under discus-
sion, with special regard to what can happen after 
the genetic testing. Of note, during the pre-test 
interview, all the probabilities of the possible 
post-test condition are open. The result of the 
test will define new decisional steps, increasing 
or decreasing probabilities, and related anxiet-
ies. Each woman will react with her own mode 
without linear relation with the change of prob-
abilities. One crucial aspect of communicating 
scientific evidence is the use of concepts and 
words that can be understood by the woman and 
her family, something that goes far beyond pre-
senting study results in lay language [2].

It is important to note that on this matter, we do 
not have international guidelines to be adopted. 
In this chapter, we try to define some questions 
and to give some answers. Psychological issues 
are strongly subjected to variation related to the 
individual characteristics of human beings, not 
only of the patients but also of the physicians and 
of the psychologists. It is difficult to take into 
account all terms of this variability when writing 
a book chapter. What we wish to underline here 
is that, in the context of a breast unit or a fam-
ily cancer clinic, the psychologist can facilitate 
the discussion on the modalities to be used for 
communications to the woman and can also act 
as a mediator between the women and the physi-
cians, according to their different specialties. In 
addition, we should consider the possibility that 
psychotherapy may be necessary under particular 
conditions.

19.2  Post-test Scenarios 
for the Pre-test Counseling

Malignant tumors, including BCs, are not inher-
ited. What can be inherited is a higher predispo-
sition to the disease, i.e., a higher probability to 
have the disease in comparison to the average pop-
ulation. This means that, also when a  deleterious 
mutation such as in BRCA1 or BRCA2 genes is 
found, the information the woman receives is 
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complex and uncertain, given as probabilities, to 
be added to personal or reported real-life expe-
riences. In other words, being informed to be a 
BRCA mutation carrier is an answer that creates 
a number of further questions. For this reason, 
before taking the decision to do the test, it is nec-
essary to verify that the woman has evaluated 
not only her probability to be a mutation carrier 
but also the different scenarios that she can face 
when the result of the test will be available.

These issues depend on the context. In the 
case of strong family history of BC or ovarian 
cancer (OC) and search for underlying mutations, 
the test can be as follows:

• Positive, implying the probability to have a 
BC (and to transmit the mutation to the off-
spring) associated with the identified 
mutation;

• Inconclusive or uncertain, i.e., the absence of 
known deleterious mutations, in the presence 
of a familial high risk of BC, the so-called 
BRCAX situation.

In the case of an already known presence of a 
deleterious mutation in the family, due to the very 
low probability of the coexistence of another del-
eterious mutation in the same genome, the test 
can be as follows:

• Positive, as in the previous case but knowing 
in advance what mutation is under consider-
ation, with all its implications;

• True negative, the best result, of course the 
easiest to be explained, meaning that the 
woman even belonging to a high-risk family is 
not a mutation carrier and has a risk for the 
disease similar to that of the general 
population.

Only having clearly explored these possibili-
ties in advance, the woman can take an informed, 
aware decision to do or to refuse the test, both 
options possibly being appropriate for the 
woman depending upon specific circumstances 
[3]. A study from Japan [4] reported that of 132 
subjects who initially declined genetic testing, 58 
(44%) postponed the decision, 30 (23%) needed 

more time to discuss the issue with family mem-
bers, 22 (17%) did not want to know if they had 
a BRCA1/2 mutation, and 22 (17%) declined the 
test because of financial problems. However, 
analyzing refusal of testing according to the 
time period before and after the implementation 
of health system coverage for BRCA1/2 testing, 
refusal for financial reason decreased from 61 to 
10%. Anyway, to avoid any misunderstanding we 
want to highlight that test refusal has to be con-
sidered as an adaptive choice to be respected and 
well-accepted by the multidisciplinary team.

An interesting contribution on this matter 
came from D. Leblond and coworkers [5]. A lit-
erature review was conducted regarding the psy-
chological impact of the uncertain genetic test 
result, compared to the impact of positive or true 
negative result, or of test refusal. On the basis of 
eight selected articles, a less emotional distress 
and a lower perceived risk of predisposition or 
to develop cancer was observed for an uncer-
tain genetic result compared to a positive result. 
Interestingly, an uncertain result did not confer 
a false reassurance, not reducing the intentions 
to have BC surveillance, while the demand for 
prophylactic surgery was less frequent. However, 
inappropriate psychological reactions may be 
highlighted in the case of pre-test clinical dis-
tress, a personal cancer history, or multiple fam-
ily history of cancer. Thus, a bad reaction to an 
uncertain result could be predicted based on the 
pre-test interview.

19.3  Understanding What 
the Woman Thinks 
and Wants

A frequent case during genetic counseling is the 
difficulty of the woman in understanding the con-
cept of gene. It is not a matter of scientific, bio-
logic, or medical knowledge. It is something very 
small, being inside our cells, which can be abnor-
mal and potentially resulting in cancer. Suddenly, 
this small entity becomes the central interest of 
the woman and of all her family.

The wrong gene becomes a symbol, beyond 
biology and medicine. It embodies “the error of 
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my parents, my fault towards my children.” The 
future becomes uncertain, with heavy responsi-
bilities and difficult decisions to be undertaken. 
As it happens with the eye or skin color as well 
as the characteristics of a recent ancestor, the 
subject at high genetic risk is thinking to have 
inherited part of her/his biologic destiny, includ-
ing the fragility to disease. “I’m my genes” can be 
the deterministic perception to be certain to have 
the cancer in the future and also of a very high 
risk for the disease in the children, either already 
existing or not. The woman’s sensation may be 
to be strictly determined by a fatal biologic des-
tiny. Also, the communication of a moderate risk 
can be misunderstood and overrated leading to 
unproven therapies to sedate the anxiety.

Counseling is a multiphase process (first 
approach and individual risk estimate; decision 
to perform or not to perform the test; in the case 
of positive decision, communication of the test 
result) sometimes appearing to be a long process 
to the physician (e.g., the genetician). This can be 
due to the real or supposed presence of problems 
that the woman does not clearly raise. The physi-
cian can be influenced by the fear of facing preg-
nant or very young women as well as subjects 
recalling episodes of her/his personal or family 
history with high psychological impact. This is 
a relevant issue if we consider that psychological 
understanding implies a deep dynamic introspec-
tion into what is changing in one person as an 
effect of what the person is facing.

In our experience, we observed apparently 
well-balanced persons who recalled painful 
experiences incompletely elaborated, thus nega-
tively impacting on the current new condition, 
while apparently not well-balanced persons had 
a higher propensity to understand, accept, and 
share relevant long-term responsibilities. The 
borders between genetic counseling and psy-
chotherapy can be blurred, even though they are 
quite different in nature and aims. In the former, 
the psychologist helps the woman and the physi-
cian in understanding each other and the woman 
in taking an informed decision with potential 
high impact. In the latter, when needed, the psy-
chologist helps the patient in restructuring epi-
sodes of her life.

The crucial point is that the emotional color 
of any given information is determined by the 
context of personal and family experiences of 
the subject. Which personal identity or projects 
will be negated or changed by the new informa-
tion? It is important to guide the woman in the 
imagination of future events and of the effect of 
the decision (e.g., the result of the test) on them. 
The question is: will the information potentially 
deriving from the current decision to perform 
the test be integrated in the woman’s history and 
identity or is there a substantial risk that it will 
disintegrate them?

19.4  What Should Be Taken Into 
Account When 
Communicating the Risk

In the context of risk stratification for cancer, the 
prediction, namely, the possibility to predict the 
future, becomes the key factor. This is usually 
considered a positive aspect of modern predictive 
medicine [6]. A high-risk prediction (i.e., being a 
BRCA mutation carrier) impacts on prevention, 
requiring MRI—including screening protocols 
starting from 25 years of age and the possibility 
of prophylactic (so-called risk-reduction) mas-
tectomy. A woman who resulted to be positive for 
a BRCA mutation may see a negatively changed 
destiny of her body. In the woman’s mind, the 
gene can be given an absolute power to determine 
the future of the body and, as a consequence, the 
future of the entire person. A positive genetic 
test can be felt by the woman as a diagnosis of 
cancer. A determinist perspective joins the inher-
ited unlucky condition with the lack of methods 
for healing the wrong gene. To know to have 
the mutation implies the knowledge of a series 
of heavy unavoidable consequences. Physicians 
wait and surveil or discuss the possible benefit of 
prophylactic mastectomy. Anyway, the woman, 
the mutation carrier, notwithstanding still healthy 
in the majority of the cases, will have to live in a 
new condition. She is thinking: I’m no longer the 
same woman I was before the genetic test.

The positive result of the genetic test is a dis-
rupting event that changes the life. The bad news 
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may cause an emotional crisis. It is a shock that 
requires a necessary change that rationalizes an 
irrational reaction. As we will see below, life 
projects and relations between generations can be 
modified, balanced, or unbalanced. Basic aspects 
of the individual psychological equilibrium are 
involved: identity and sense of belonging to a 
family. The history of the disease (i.e., BC) is the 
history of the family: I have a disease because 
of my mother (or my father). My children will 
have the same disease because of me. The core 
of being is called into question. The wrong gene 
goes beyond the biologic information.

When communicating a genetic diagnosis, the 
team should take into account the following wide 
spectrum of worries that may trigger an emo-
tional crisis: concern to become affected with 
cancer; fear of diagnostic examinations (imaging 
and biopsies); fear of surgical procedures; fear of 
the effects of medical therapies; concern to trans-
mit (or to have already transmitted) the mutation 
to children, felt as the transmission of the dis-
ease; responsibility toward the involved partner; 
and difficulties in projecting her future involving 
lifestyle, type of work, where living (near great 
hospitals?), preventive surgical choices, etc.

The psychological consequences of a genetic 
diagnosis can be dramatically different in dif-
ferent persons. Communicating a high-risk con-
dition can be felt as an anticipation of cancer 
diagnosis by a subject whose frailty is due to 
previous dramatic family experiences. Not all the 
variables of such a context can be under control. 
Thus, a certain degree of unpredictability must 
be considered.

The woman’s reaction to the communication 
of the risk level can be different according to a 
series of factors:

• The woman personality, in particular, her 
attitude toward the disease (tendency to con-
sider herself or others as the cause of negative 
events; feelings or persecution of hypo- or 
hyperresponsibility).

• The woman’s age (older persons present with 
psychological disorders less frequently than 
younger persons; young women could benefit 
from a psychotherapy plan for managing the 

stress and anxiety due to the information to be 
a mutation carrier, especially if adolescent or 
planning to have children).

• The previous or current experiences (BC 
cases in the family frequently cause hyperesti-
mation of the risk; a woman who assisted a 
relative with BC will be more scared of a 
genetic mutation; in both cases, the woman 
may feel herself powerless).

• The coping style (a watchful person, always 
looking for reassurances, frequently overesti-
mates the risk and asks for multiple repeated 
diagnostic tests).

The emotional mood of any received infor-
mation is given by the subjective context that 
affects the anticipation of the events, a crucial 
mental process for the personal status. A limited 
list of the possible reactions of a subject to the 
communication of the risk is the following: anxi-
ety (compulsory, with feeling of persecution), 
aggressiveness (toward herself, family members, 
friends and acquaintances, healthcare givers), 
feeling guilty (feeling not vulnerable but bad), 
omnipotence (underestimating the risk), nega-
tion (not collecting the test result, performing 
repeat test at another laboratory), and commu-
nication (sharing objective data and related emo-
tional reactions with relatives and the members 
of the medical team).

19.5  Helping the Physicians

Of course, also the physicians’ psychological pro-
file has to be taken into account, in particular, that 
of the genetician or the professionals who interact 
with the woman for the decision to perform the 
genetic test and who communicate the result of 
the test. A psychological support to the woman 
helps in deciding to do or not to do the test and, 
if performed, in understanding the result, includ-
ing the case of positivity for a known mutation, 
i.e., the associated probability of disease for the 
woman and her relatives, the options for surveil-
lance, chemoprevention, or prophylactic  surgery. 
A psychological support to physicians should 
help in managing stress levels which have pecu-
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liar temporal behavior. We always should remind 
that the geneticist remains a key actor in wom-
en’s decision-making about genetic testing [7]. 
On the other hand, a study reported that genetic 
counseling changed the perceived risk of BC only 
in less than half (46%) of women (decreasing or 
increasing this perception in 40% and 6%, respec-
tively); however, women overestimating their 
risk ≥ 4-fold at the baseline failed to improve the 
risk perception accuracy [8].

Figure 19.1 shows the variations of the stress 
levels in the case of an interview communicating 
bad news (generally related to the oncology set-
ting, not specific for genetic testing). One reason 
for this difference is related to the level of knowl-
edge, higher for the physician (the expert), lower 
for the woman (the nonexpert person) [9].

To bring someone bad news such as a condi-
tion of BRCA mutation carrier is not a neutral task 
even for the most expert and experienced physi-
cian or counselor. The physician or counselor 
should understand that it is necessary to give 
time not only for speaking (explanations to the 
woman, questions and answers, etc.) but also for 
emotional silences and pauses which may have 
a cathartic role. To listen is at least as important 
as to speak, especially when an emotional crisis 
must be managed to reestablish the self-control.

The way the physician interprets probabilities 
associated to pre-test and post-test risk levels is 
highly important for the content of counseling. 
The way the woman interprets the given infor-

mation influences her willingness to go forward 
with the same team in the same institution. What 
the clinicians should do for establishing a good 
relation with the woman can be summarized as 
follows:

• Pay attention to both verbal and nonverbal 
communication.

• Pay attention not only to the woman’s lexicon 
but also to the content (medical/technical 
terms can be used as interposition tools, to 
mask distress; they can be used to please the 
physicians without understanding their 
meaning).

• Observe carefully behaviors, attitudes, ges-
tures, and facial expressions revealing emo-
tions and feelings.

Of note, also from the physician side, techni-
cal terms can be used as interposition barriers, 
to mask distress due to the need of bad news 
communication.

An interesting contribution to this topic came 
from a study by Dilla Saman and coworkers [10]. 
The authors described the relationship between 
experience of death of a relative, illness percep-
tion, and psychological outcome among 40 BRCA 
mutation carriers in Israel. Using self-adminis-
tered questionnaires assessing sociodemographic 
variables, illness perception, and well-being, 
the authors found that experiencing the death 
of a relative as a result of BC was significantly 
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Fig. 19.1 Patient’s and 
physician’s stress levels in 
the case of an interview 
communicating bad news
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correlated with illness perception. Those BRCA 
mutation carriers who experienced the death of a 
relative perceived BC as correlated with having 
severe symptoms and dire consequences and as 
being uncontrollable when compared to carriers 
who had not experienced the death of a relative. 
In other words, the direct experience of death 
of a relative as a result of BC is a crucial event 
dramatically influencing the disease perception. 
This means that communicating a positive result 
of a genetic test or of a biopsy to a woman may 
have a heavier impact if the woman experienced 
the death of a relative as a result of BC.

19.6  Not to Lose the Relation 
with the Woman and Her 
Family

We have already described how previous expe-
riences can influence the relation between the 
woman and the team. This is a relevant issue also 
during the time, after the first interviews. Family 
experiences (also only the fear of them), risk 
overestimation, reproductive planning, decisions 
for surveillance, or other preventive acts can 
change during the time also in relation with new 
events during the woman’s life [11].

Family experiences, including those one who 
lives firsthand and those told by other family 
members, contribute to the mirror effect [12]. 
The woman thinks: I will experience what had 
already happened to other women of the family, 
to my mother, my aunts, my sisters. The same will 
happen to my daughters, my nephews… Anxiety 
is increased by various biographic negative epi-
sodes such as friends who are diagnosed with 
a disease and undergo treatment procedures, 
prompting the need to do, to know, a condition 
named state anxiety (reactive), especially in 
women with an anxious baseline personality [13].

To take decisions for daughters and sons 
undermines one’s personality also before the 
reproductive phase. Physicians’ proposals can 
determine an emotional paralysis, especially 
when the relationship between the physician and 
the woman is not fiduciary. One example is the 
case of a woman who does not collect the results 

of genetic or diagnostic tests; begins to look for 
other experts in other hospitals or clinics, other 
cities, and other countries, when she sends her 
biological samples to laboratories known by 
advertising; or immediately asks for definitive 
surgical ablations to close the problem.

The diagnosis of a genetic mutation touches 
your essence of human being: your being healthy, 
your way of life, and your projects for the future 
[14]. Will this knowledge disintegrate your iden-
tity, your perception of reality? And, if the dis-
ease history is a family story, it will impact on 
the whole family ([12] Mendes). How to explain 
this? An adequate communication should aid the 
counselor to feel herself completely involved in 
decision-making.

H. Dijkstra and coworkers [15] showed that 
during the final visit within BC genetic coun-
seling, more counselor nonverbal encourage-
ments and higher counselor verbal dominance 
were both significantly related to a higher 
post-visit anxiety. In addition, counselor verbal 
dominance was associated with lower perceived 
needs fulfillment by the counselors. The authors 
concluded that more effort could be devoted 
to involve counselors in the dialog and reduce 
the counselor’s verbal contribution during the 
consultation.

After the communication of a positive genetic 
test, interplaying with the family could be use-
ful and women frequently ask for this. We iden-
tify six possible phases for this crucial relation 
(Table 19.1). The counselor should have a clear 
interview about this with the woman that first 
asked for consultation.

The items described in Table  19.1 could be 
under consideration before performing the test 
(items 1, 2, and 3) and after the test (items 4, 5, 
and 6). However, various conditions may influ-
ence the pathway: relatives living in distant cit-
ies/countries, lack of relevant information from 
relatives and time need to get it, and relatives 
who share this experience with the woman from 
the beginning (before taking the decision to do 
the test) or only in a late phase (when other rela-
tives are already informed of the test result).

After the test, especially (but not only) if 
the result is positive, the counselor should pay 
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attention not only to deliver a correct informa-
tion about the result of the test but also to a 
right understanding of the message. Emerging 
woman’s distress and possible relationship dif-
ficulties between the woman and one or more 
relatives or between relatives deserve careful 
attention.

According to the Health Belief Model [16], 
the perception of a familial risk interplays with 
the individual sensitivity of a woman deter-
mining a large spectrum of possible events, as 
follows:

• Decision to adopt children to avoid inherited 
mutations that could cause cancer

• Emerging relationship difficulties with the 
partner related to feelings of responsibility or 
guilt

• Reemerging previous family dynamics among 
members sharing the same genetic tree

Emotional crises are also common, as those 
described by the following list:

• Fear of developing cancer (The world came 
crashing down on me. In the evening, I take my 
sleeping pill so I don’t have to think about it)

• Tiring acceptance of diagnostic tests (After 
witnessing numerous cases of cancer within 
my family, I became convinced and started 
this diagnostic pathway. I have to accept to 
take the exams, I want to live again)

• Fear of transmitting, or having already trans-
mitted, to children the mutation responsible 
for the disease (I have a terrible sense of guilt. 
I cannot afford to become pregnant. 
Fortunately, I am not married, so I must not 
transmit anything to anyone)

• Sense of responsibility toward the partner (I 
do not want to sacrifice a man: he never would 
be a father. So, I broke off the engagement)

• Difficulties in planning the future (I’m terri-
fied of the idea of death)

When these conditions appear, a psychothera-
pist can play a useful role both for assisting the 
woman after the communication of the result of 
genetic testing and for increasing the woman’s 
adherence to the surveillance program.

19.7  The Psychologist’s Role

A psychologist can help in planning all the phases 
of relationship and communication, in drafting 
explanatory books on the concept of gene, prob-
ability, and risk. She/he can examine with the 
team particular cases and can help in training for 
specific interviews or listening techniques.

The CLASS protocol [17] provides sugges-
tions for conducting the interview, as described 
in the following paragraphs.

C—Context. Pay attention to the physical con-
text in which the interview takes place, excluding 
places such as the corridor and the rooms that are 
easy for other colleagues to pass through.

L—Listening. Listening and interviewing 
techniques.

Table 19.1 Six phases of communication with the fam-
ily of a woman who performs genetic testing

1.  Investigate about how much the relatives know
   •  Are they aware that the woman will undergo a 

genetic test?
   •  Is the family aware of the potential risk of cancer?
2.  Investigate about how much the relatives want to 

know on the topic
3.  Investigate about how much each relative wants to 

know about her/his personal risk
4.  If they, or at least some of them, want to be 

informed, explain the result of the test, using 
leaflets/illustrations for supporting the message

   •  Describe the risk of the woman to develop the 
disease

   •  Describe the risk of family members to have the 
mutation

   •  Describe the risk of family members to develop 
the disease

   •  Describe the possible role of other tests performed 
by other family members

5.  Recognize sentiments
   •  Be able to understand reactions of relatives to the 

result of the genetic test
   •  Propose further help to relatives, when necessary
6.  Planning and follow-up
   •  Give family members leaflets/books or other 

information supports
   •  Invite family members to contact a (local) genetic 

counselor
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• Open questions. Those to which the patient 
can answer in different ways and feel free to 
tell how she feels at that moment, not only 
from a medical point of view but also from a 
psychological and emotional one (How do you 
feel today? Is there any other problem you 
want to talk about?).

• Methods for facilitation of listening. To be 
silent when the patient speaks, always try to 
maintain eye contact. When the doctor has 
expressed a concept or given an informa-
tion, take a break to give the patient time to 
reflect and eventually express doubts or 
questions. When the patient is talking, rein-
forcement interlayers are also important. 
They can be either verbal (underlining 
meaning sentences with an assent such as 
“Hmm… mm” or “Tell me more about this”) 
or nonverbal (smiling). The repetition of the 
last sentence said by the woman or of a key-
word of her speech or to rephrase the con-
cept she expressed can be useful both to 
verify if she understood the message and to 
demonstrate that the team listened carefully 
to the woman’s words. It is a poorly used 
technique but it is very effective, if applied 
correctly.

• Questions for clarification. It is important to 
check if you have understood correctly what 
the woman meant, especially in the case of 
ambiguous, confusing, or ambivalent informa-
tion. You can use simple phrases such as “You 
are telling me that … Let’s see if I understand 
correctly what you told me ….”

• Time and interruption management. In the 
case of interruptions due to a colleague enter-
ing the practice or to a phone call, it is impor-
tant to reiterate the woman’s priority at that 
time and quickly manage the interruption by 
postponing the discussion with the colleague 
or the phone call. It is also necessary to pay 
attention to the interview time: it is not neces-
sary to exhaust all the topics in a single meet-
ing. After 45 minutes, it would be advisable to 
summarize what has been said and possibly 
postpone other discussions to another 
meeting.

A—Addressing emotions. During the inter-
view, the recognition of emotions is the most 
effective way to make you perceived as close 
to the patient. The reference technique is the 
empathic answer and consists in identifying 
the emotion that the patient is expressing, iden-
tifying its causes, and demonstrating that you 
understand the link between emotion and cause 
(I realize that what I just told you obviously 
shocked you a lot).

S—Strategy. Planning of an intervention 
strategy after careful verification of the correct-
ness of the information obtained by the woman 
and her awareness of the disease and prognosis. 
In fact, incorrect perceptions and beliefs can lead 
to misunderstandings that hinder communication 
and undermine the continuity of treatments.

S—Summary. A summary of what has been 
said and possibly decided during the interview. 
Scheduling the date for the next interview.

The SPIKES protocol [18] specifically 
addresses delivering bad news to cancer patients 
about their illness. The protocol consists of six 
steps:

S—Setting up the interview

• Arrange for privacy. Use an interview room or 
draw the curtains around the patient’s bed.

• Involve significant others. The patient may ask 
for having some family member with her/him. 
If there are many family representatives, ask 
the patient to choose one or two of them.

• Sit down. It is a sign that you will not rush. Try 
not to have barriers between you and the patient. 
If you have recently examined the patient, allow 
her/him to dress before the interview.

• Make connection with the patient. Possible 
methods are eye contact, touching the patient 
on the arm, or holding a hand.

• Manage time constraints and interruptions. 
Inform the patient of any time constraints or 
expected interruptions. Set your mobile phone 
on silent.

P—Patient’s perception. Implement the 
axiom “before you tell, ask.” Use open-ended 
questions such as What have you been told about 
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your medical situation so far? or What is your 
understanding of the reasons we did the CT or 
the MRI? These questions also enable you to 
understand if the patient is engaging in any varia-
tion of illness denial [19]. Based on this informa-
tion, you can correct misinformation and tailor 
the bad news to what the patient already knows.

I—Invitation from patient to give informa-
tion. Verify that the patient wants to be informed 
and try to obtain her/his invitation using simple 
sentences like this: How would you like me to give 
the information about the test results? To know 
that the patient wants to be informed decreases the 
messenger’s anxiety [20, 21]. In the case a patient 
does not want to know details, respect this view 
and offer to answer any questions she/he may have 
in the future or talk to a relative or friend.

K—Knowledge to the patient. Warning that 
bad news is coming may reduce the shock fol-
lowing the disclosure and facilitates the informa-
tion processing. You may say Unfortunately I’ve 
got some bad news to tell you or I’m sorry to tell 
you that ….

• Vocabulary. Use nontechnical words that can 
be understood by the patient: metastases 
instead of spread and biopsy instead of tissue 
sampling.

• Step by step. Deliver information in small 
chunks and check periodically the patient’s 
understanding.

• Avoid excessive bluntness. Don’t say You have 
very bad cancer or There is nothing more we 
can do for you. In particular, the last sentence 
is inconsistent with important therapeutic 
goals such as good pain control and symptom 
relief [22].

E—Emotions and empathic responses. 
Patient’s reactions may vary from silence to 
disbelief, crying, denial, or anger. An empathic 
response is a valid way to give support to the 
patient [23]. It consists of four steps [24], as 
described in the following sentences.

• Observe for any signs of patient’s emotion. 
Examples are tearfulness, a look of sadness, 
silence, and shock.

• Identify the emotion experienced by the 
patient. If the patient appears sad but is silent, 
query the patient as to what she/he is thinking 
or feeling.

• Identify the reason for the emotion. It is usu-
ally connected to the bad news, but if you are 
not sure, ask the patient.

• Let the patient know that you have connected 
the emotion with the reason for the emotion.

S—Strategy and summary. To have a plan 
for future steps decreases the anxiety. So, to 
present available surveillance, diagnostic and 
treatment options and sharing responsibility for 
decision-making are relevant issues. It is impor-
tant to check the patient’s understanding of the 
discussion to prevent the patient’s tendency to 
overestimate the efficacy or misunderstand the 
aims of treatment [25]. Finally, the interview can 
be closed, summarizing its content.

We remark that the basic axiom of the SPIKES 
protocol is “before you tell, ask.” Many of the 
steps are similar to those of the CLASS protocol 
and many other.

The role to be played by the psychologist is 
to facilitate all these processes and steps. A dif-
ferent issue is the psychotherapist action, with 
two possible directions: treatment of the phy-
sician’s psychic overexertion; distressing iden-
tification with patients, burnout; and treatment 
of individual patients or family groups asking 
for special support or judged to be at risk for 
not being able to handle anxiety and guilt or 
loneliness.

19.8  True Stories

We present here six stories we consider meaning-
ful examples of the relation of patients and their 
family with the information about the presence of 
genes predisposing to cancer.

A woman who doesn’t want to feel like a 
pain announcer. A woman who underwent 
mastectomy many years ago and was active in 
associations of BC patients and consumer move-
ments described her relationship with genetics as 
follows:

N. Crotti and V. Broglia



303

When I knew that one could find the gene before it 
causes the disease I thought: well, my dear daugh-
ters and grandchildren will not have my experi-
ence. So I asked for advice and made the sample 
for genetic testing. However, when I realized that 
there were no certainties on what to do next to 
avoid the disease, I was attacked by doubts about 
whether or not to involve my family. Finally, on a 
holiday, I counted around the table seven women 
from my family, all young. And I said to myself: 
what right do I have to be the messenger of this 
news by myself, I who have already brought them 
the anguish of my illness really. Do I want to repeat 
to them that through me they can anticipate their 
future pain? So, I got my testing results and I didn’t 
tell them anything. If it happens that they tell me 
about it, or something changes, maybe I will 
change my mind. For now, that’s how it is.

Over the years, this woman has consciously 
taken on many responsibilities for herself and 
for other women affected with BC.  However, 
she lives the anticipation of risk as an aggres-
sive practice, prompting the perception of the 
messenger as a bad person. If another woman in 
her family got sick, she could change her mind 
and talk about it to the others. However, after a 
well- informed counseling, she affirmed her right 
not to feel like an announcer of pain, a bearer of 
misfortune.

Family involvement. There has been a lot of 
cancer in the family, both in the breast and the 
bowel. The patient says:

When my sister got sick, I had to take care of my 
little nephews and I preferred not to tell them that 
their mother would soon die, nor the teenage girl 
that her mother had the same disease as her 
grandmother. When my sister died, my nephews 
felt betrayed by me, they hated me and went 
away, even though they knew that I had wanted to 
protect them.

Over the years, this woman helps many fam-
ily members in sickness, but only when she gets 
sick, genetic counseling was offered. In this con-
text, she decides to inform various family mem-
bers of the investigation she began and asks the 
psychotherapist for help in finding the best way 
to talk to her various nephews. She is involved 
in the emotional burden caused by the identifica-
tion in many family members of various genes 
at risk, but the family finally overcomes the pre-
vious indifference and begins to talk about the 

past with more unity than in the future, increas-
ing the awareness. The life of all family mem-
bers is then restructured by the possibility of 
consciously sharing common information, taking 
away from our patient the responsibility and atti-
tude of those who do everything by themselves, 
for themselves, and for others, which had created 
the previous imbalances.

Maternity. A 20-year-old girl comes in 
genetic counseling with her older cousin. Their 
family lives together after their mother and 
aunt died of BC. She has already announced by 
phone that she is pregnant. The technical time 
to get the test result consolidates her already 
strong decision to have an abortion anyway. 
The memory of the illness and the death of 
the mother is devastating. It is reinforced and 
echoed in the words of both cousins: I don’t 
want my cousin to suffer what made her mother 
die. The young girl says: My cousin is already 
so close to me, she also did me as a mother. I 
cannot let her be the grandmother of an orphan 
if I get sick. The counseling, however, reassures 
the young girl by making it clear that, if she is 
not herself a mutation carrier, she can think of 
making a child in the future without this anxiety. 
This makes the ghosts less worrying and allows 
her to share a path of decision with people who 
do not belong to the family and do not enter the 
game of renewing the pain and fear of memory 
in the face of all choices.

An 18-year-old girl. She performed the test 
strongly piloted by her parents, especially her 
BRCA1-positive mother, who fell ill at the age 
of 25. The test result is positive. This surprises 
the girl but doesn’t let her down. However, she 
returns repeatedly to the consulting service to 
discuss decisions already taken: initially she pre-
fers bilateral prophylactic mastectomy and then 
surveillance with MRI. The repeated request for 
additional information and clarifications (also 
by telephone) is in fact requests for sharing 
the peaks of anxiety with the counseling team. 
Future choices are also often discussed: the girl 
claims to want children anyway. When she gets 
pregnant, there is a strong doubt that it is an act-
ing out, i.e., putting her child’s desire forward 
and realizing it before the age of 25, the age at 
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which her mother fell ill and her grandmother 
died, a symbol of misfortune and fear. She says:

My mother was cured but she fell ill at the age of 
25, exactly the age at which my grandmother died. 
I still have time, but my father has already sent my 
blood sample to England and they insist that I 
remove the breasts. I love my boyfriend. We’re 
going to keep the baby.

Given the girl’s age and the strong family pres-
sures, she meets the psychotherapist. In this case, 
serenity is precarious, and anxiety shakes are fre-
quent, both for personal reasons and because of 
parental influence. Confronting herself with oth-
ers allows her to feel more free, to organize per-
sonal goals, even if different from the wishes of 
the parents. The same frequency of communica-
tion with the team indicates her desire to commu-
nicate her anxieties without being an expression 
of parental fears and decisions, but as an actor of 
her own future that she will certainly continue to 
manage with the same medical team.

Time and age. A young woman comes to 
counseling at the age of 19, shortly after she 
has reached the majority. The choice could have 
been made in disagreement with her family. The 
mother, who has been operated on several times 
for immunoresponsive tumors, has had serious 
postoperative consequences and still suffers a 
great deal. The rest of the family includes both 
mutation carriers and non-carriers, and she and 
her younger sister, after they were of age, were 
given the possibility of independent decision 
whether or not to perform the test. She decides to 
perform the test and results to be also a carrier. At 
first, she seems to react better than the relatives:

I had the bilateral mastectomy abroad and my fam-
ily was very close to me but more economically 
than emotionally. Actually, they do not accept that 
I still do not feel comfortable and almost do not 
listen to me.

After surgery and other health experiences, 
she begins to develop serious forced behaviors, 
of which we learn by phone from a psychiatrist 
who is now curing her. She is forced to repeat 
irrelevant but sedative gestures several times. 
These testify to a serious pathologic anxiety due 
to the flow of time, which she wants to deny. 
Finding herself to be a further cause of pain 

for the family and to face her own future have 
resulted in unforeseeably unbearable burdens. 
She will undergo both psychiatric and psycho-
logical therapy. In her case, it is confirmed how 
an objective result can transform an experience 
and weaken the subject’s personality. The non- 
rational fact which has perhaps contributed to 
trigger forced anxiety could be the approach to 
the period after the operation in which the sister 
will also be of age.

A man, his wife, and children. A man comes 
to counseling: his wife is an orphan and sister of 
a BC patient. After her sister’s surgery, she had 
a bad period of depression and low self-esteem. 
After the husband has accompanied them to the 
consultation, both sisters result to be mutation 
carriers. The wife asks the mutation search to be 
done also in the 6-year-old daughter: they want 
another child; they are against abortion and say:

We are convinced that if the child is as healthy as 
our nephews, then the chain is broken and even one 
of our children will not be mutation carrier if the 
first one is not a carrier.

In this case, in a mystical and superstitious 
way, it is believed that if misfortune has been 
interrupted, it will be forever. Although they 
know and understand that the risk inheritance 
is individual, these parents say that if one thing 
went well once, it can go well for two. It will 
be necessary for them to understand that every 
decision concerns exclusively their responsibility 
and their current anxiety, the ability to let their 
children live with serenity as long as it is neces-
sary for them to have an appropriate program of 
 surveillance. Confidence in the development of 
science and medicine must be underlined within 
a relationship of trust that allows them to face 
the future without feeling orphaned by unborn 
children or constantly anticipating the worst 
situations.

A famous actress. This is the well-known 
story of Angelina Jolie, born in 1975, who 
became even more famous for her choice of 
risk- reducing bilateral mastectomy at 38 and 
salpingo- oophorectomy (removal of ovaries 
and fallopian tubes) at 39. She was a BRCA1 
mutation carrier as was her mother, who died 
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of BC in 2007. Also her grandmother and an 
aunt had died of cancer. She decided to share 
her decisions with the public opinion, and two 
letters were published in The New York Times 
in 2013 and 2015. The resonance of the story 
was relevant for women all over the world 
and also scientific societies and professional 
bodies.

In her second letter, published in 2015 [26], 
she explained the decision to undergo the sec-
ond preventative intervention, i.e., risk-reducing 
oophorectomy. The result of CA-125 blood test 
was normal, but some inflammatory markers 
were elevated, a possible sign of early cancer that 
could be missed by the CA-125 test in 50–75% of 
cases. She wrote:

I went to see the surgeon, who had treated my 
mother. I last saw her the day my mother passed 
away, and she teared up when she saw me: “You 
look just like her”. I broke down. But we smiled at 
each other and agreed we were there to deal with 
any problem, so “let’s get on with it”.

As we said above, also physicians have emo-
tions … She described the negative results of 
pelvic physical examination, ultrasound, and 
positron emission tomography, remember-
ing that the radioactive tracer administered for 
the last examination meant she could not hug 
her children for a few days. However, she was 
aware that there was still a chance of early-stage 
ovarian cancer, but minor compared with a full-
blown tumor. She still had the option of doing 
a salpingo- oophorectomy. This was her decision. 
Why? She wrote:

I did not do this solely because I carry the BRCA1 
gene mutation, and I want other women to hear 
this. A positive BRCA test does not mean a leap to 
surgery. […] There are other options. Some women 
take birth control pills or rely on alternative medi-
cines combined with frequent checks. There is 
more than one way to deal with any health issue. 
The most important thing is to learn about the 
options and choose what is right for you 
personally.

The family history of three women died of 
cancer in the presence of the BRCA1 mutation 
was underlined by doctors who suggested to 
remove tubes and ovaries as the best option, to 
be performed 10 years prior the earliest onset of 

cancer in my female relatives. The conclusion of 
her letter is the following:

My mother’s ovarian cancer was diagnosed when 
she was 49. I’m 39. Last week, I had the procedure: 
a laparoscopic bilateral salpingo-oophorectomy. 
There was a small benign tumor on one ovary, but 
no signs of cancer in any of the tissues. […] It is 
not possible to remove all risk, and the fact is I 
remain prone to cancer. I will look for natural ways 
to strengthen my immune system. I feel feminine, 
and grounded in the choices I am making for 
myself and my family. I know my children will 
never have to say, “Mom died of ovarian cancer”.

We want to remark only the following points: 
she is famous, young, and beautiful, and the 
breasts are one of the attributes of her feminin-
ity; she adopted several children but also has a 
female daughter whom she procreated, so she 
chose to have children before making decisions 
that would determine her infertility; she decided 
to live by adhering to therapeutic programs that 
the mother could not resort to; she has all the 
characteristics of awareness and all the awareness 
of her power conditioning public opinion since 
her decision has been worldwide publicized, as 
mother- woman leaves her daughter a testimony 
of the need to at least anticipate the destiny.

An observational study of insurance claims 
data representative of the commercially insured 
US population [27] measured BRCA testing and 
risk-reducing bilateral mastectomy rates among 
females ≥18  years before and after the publi-
cation in 2013 of the first Jolie’s article in The 
New  York Times announcing her decision to 
undergo risk-reducing bilateral mastectomy. The 
authors found a highly significant increase in the 
uptake of genetic testing and in risk-reducing 
bilateral mastectomy among women without pre-
vious diagnosis of BC or OC in the US popula-
tion and in women who did not undergo testing 
for BRCA.

An online search in the PubMed performed on 
August 18, 2019 for “Angelina Jolie” found 42 
articles. One comment recently published in the 
American Medical Association Journal of Ethics 
[28] affirms: “… celebrity narratives influence 
patterns of care … media coverage of cancer 
can have unforeseen consequences on individual 
patients exposed to these kinds of stories. For this 
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reason, clinicians should become familiar with 
these narratives and comfortable with discuss-
ing how celebrity narratives can shape patients’ 
views and decisions.”

19.9  Conclusions

The application of psycho-oncology to women 
and families facing a high risk of breast cancer 
is a complex matter. Also from the six stories 
we presented, one may draw the conclusion that 
each case is an individual, peculiar story. This is 
certainly true. However, medicine, even when, 

also in oncology, it is proactive as described 
by the “P4” formula (predictive, personalized, 
preventive, participatory) [6], needs protocols 
and practice rules to be applied. We hope that 
the content of this chapter may help physi-
cians in meeting, asking, listening to, speaking, 
and smiling to their patients. The simple act to 
touch the arm of the patient during an interview 
can be more effective than words. It’s true that 
a fifth “P” should be added to the formula of 
P4 cancer medicine, that of “psycho-cognitive 
aspects to be considered in order to empower 
the patient” [29]. So, “P5 cancer medicine” 
could be practiced.

On April 8, 2020, Dr. Nadia Crotti Passed Away of an Unexpected Sudden Cardiac Death

She was born in Bergamo, Italy, on October 27, 1956. She graduated in Psychology at the 
University of Padua in 1979. PhD in medical psychology at the University of Marseille, France. 
Certified as psychologist and psychotherapist, since 1981 she worked at the Unit of Psychology at 
the National Institute for Cancer Research in Genoa, Italy, with a great dedication to patients, in 
particular breast cancer patients, and their relatives and particular interest for hereditary cancers. 
She attended internships at the units of Pedopsychiatrie (La Timone, Marseille), Oncohematology 
(Hospital St. Louis, Paris), Psychosomatic Medicine (Clinica Weiszacker, Buenos Aires), and at 
several departments at the Institut Gustave Roussy, Villejuif. She held courses in psycho-oncol-
ogy at Master Courses in Senology and Oncology at the Universities of Siena and Genoa. She 
also significantly contributed to the birth and development of Europa Donna Italia. She authored 
many books and chapter books on different aspects of psycho-oncology, including the sensitive 
topic of communication and support to children with parents affected with cancer. During the 
nineties up to the first 2000s, she answered to letters from patients in the Italian journal Attualità 
in Senologia.

Many young psychologists moved their first steps under her guidance. The content of the chapter she 
accepted to write for this book is a demonstration of the high level of her expertise.

We asked those colleagues who have had the good fortune to meet her to add their name to the fol-
lowing list.

Ciao Nadia! Thanks for all you did for all the persons, colleagues, patients and relatives, and friends 
you helped with your words, your thoughts, and your fantastic smile.

Valentina Broglia, Franca Podo, Nadia Fiorenza Rizzolari, Francesco Sardanelli

Ilaria Aggero, Laura Berretta, Massimo Calabrese, Giuseppe Canavese, Valentina Clavarezza, 
Patrizia Curia, Silvia Di Leo, Elena Duglio, Luigi Cataliotti, Alberto Costa, Emanuele Crocetti, 

Federica Erca, Alessandra Feltrin, Alfonso Frigerio, Walter Renato Gioffré, Giorgia Gollo, Pierpaolo 
Lupo, Lorenza Marotti, Laura Martincich, Giuseppe Molinari, Marco Musso, Eugenio Paci, Federica 
Pediconi, Paola Ponton, Irene Profeti, Paolo Pronzato, Gianni Saguatti, Gloria Selva, Serena Roma, 

Marco Rosselli Del Turco, Virgilio Sacchini, Giovanni Zaninetta
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Calculating, Using and Improving 
Individual Breast Cancer Risk 
Estimates
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Abbreviations

AIs Aromatase inhibitors
AUC Area under the curve
BC Breast cancer
BCSC Breast Cancer Surveillance 

Consortium
BI-RADS Breast Imaging Reporting and Data 

System
BMI Body mass index
BPE Background parenchymal 

enhancement
ER Oestrogen receptor
HER2 Human epidermal growth factor 

receptor 2
MRI Magnetic resonance imaging
ROC Receiver operating characteristic
SERMs Selective oestrogen receptor 

modulators
SNP Single nucleotide polymorphism

20.1  Introduction

Over the past few decades, there has been 
increasing interest in individual risk assessment 
for breast cancer (BC) [1–4]. Motivations for 
this include the identification of individuals at 
extremely high risk who would be potential can-
didates for prophylactic surgery or preventive 
therapy [5]; delineation of populations at mod-
erately enhanced risk who might benefit from 
enhanced surveillance [6]; and, more recently, 
identification of populations at sufficiently low 
risk as not to require surveillance or risk manage-
ment [7]. Risk-adapted BC screening strategies, 
including periodical breast magnetic resonance 
imaging (MRI), have to be placed in this general 
context.

Breast cancer has a relatively well-estab-
lished hormonal aetiology, in addition to a 
growing body of knowledge on genetic risk 
factors [8–10]. However, development of pre-
vention protocols has been a slow process, and 
there remain issues of determining appropriate 
populations to target with specific surveillance 
or other risk management measures. There are 
two major issues with which the breast cancer 
epidemiology and prevention communities have 
to contend. The first is the fact that for many BC 
risk factors, there is a low attributable fraction, 
due either to modest effects on risk or low risk 
factor prevalence [8]. The second is that while 
there are identified biological classifications 
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of BCs, such as oestrogen receptor (ER) sta-
tus, basal/non-basal type and human epidermal 
growth factor receptor 2 (HER2) expression 
level, which can categorize the disease by life-
threatening potential, we have few known risk 
factor profiles for the different categories [8]. 
In particular, we have no individual risk models 
that are calibrated to assess the risk of aggres-
sive ER-negative BCs.

Existing risk models have shown a degree of 
accuracy in prediction, at least within popula-
tions already identified as at enhanced risk, such 
as women with a family BC history [11, 12]. It 
is clear that there is room for improvement [12]. 
In this chapter, we consider how risk models are 
calculated, their potential clinical use and the tar-
gets for research in the future to improve these 
models, so that they can better inform risk man-
agement and surveillance.

20.2  Components and Calculation 
of Risk Estimates

Here we consider the main approaches used 
to calculate individual BC risk and the factors 
included as contributors to risk prediction. We 
illustrate these with some of the more widely used 
risk models. We do not here present an exhaustive 
review of all available risk models. For a compre-
hensive review, see Jessica A. Cintolo-Gonzalez 
and coworkers [12].

Broadly speaking, risk models fall into three 
categories, as described below.

Type 1. Estimation from pedigree data of 
the probability of carrying one or more high-
risk mutations, using segregation analysis,1 a 
genetic epidemiology technique based on revers-
ing conditional probabilities of phenotype given 
BRCA1/2 and/or other mutations to obtain prob-

1 Segregation analysis. The process of fitting formal 
genetic models to data on expressed disease characteris-
tics (phenotype) in biological family members in order 
to determine the most likely mode of inheritance for the 
trait or disease under study (https://www.cancer.gov/
publications/dictionaries/genetics-dictionary/def/
segregation-analysis).

abilities of mutations given phenotype. The prob-
ability of disease can then be calculated from the 
probability of mutation status. Examples of this 
include the Claus, BRCAPRO and BOADICEA 
models [2, 4, 13].

Type 2. A regression model for cancer risk 
based on a number of risk factors. The risk is 
frequently calculated by a combination of the 
predicted regression model from large analytic 
studies (such as estimated using logistic or Cox 
regression) with absolute incidence rates from 
national cancer registry data. The most promi-
nent example of this is the Gail model [1], and 
further developments based on this approach 
[14–17].

Type 3. Combination of types 1 and 2 mod-
els. The paradigm for this approach is the Tyrer- 
Cuzick model [3].

As regards familial and genetic contribution 
to risk, several points should be borne in mind. 
Approaches of type 2 models above do include 
family history. However, this is included as a 
regression predictor, with no formal genetic 
model and no attempt to estimate mutation 
status probabilities. Secondly, approaches of 
types 1 and 3 usually also include in the pedi-
grees family history of ovarian cancer as well 
as BC, as the high-risk BRCA1 and BRCA2 
mutations predispose to ovarian cancer as well 
as BC.  It is also worth noting that age of the 
proband and age at diagnosis of the affected 
relatives are crucial ingredients to the calcu-
lation of probabilities of mutation status and 
therefore of BC risk in the segregation analysis 
approaches.

Table 20.1 shows the approaches to risk esti-
mation and the factors included as predictors 
for some of the most commonly used models. 
Arguably the most comprehensive model is the 
Tyrer-Cuzick model which incorporates mam-
mographic density and allows the user to include 
a relative risk calculated from single nucleotide 
polymorphism (SNP) risk scores [20–23]. The 
latter reflects the fact that there is no standard 
polygenic risk score, and the SNPs employed 
might vary from user to user.

In the following sections, we explore the uses 
and reliability of BC risk prediction tools.
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20.3  Use of Individual Risk 
Estimates in Clinical Practice

Perhaps the most important use of risk assess-
ment to date has been to identify women for 
high-risk family history or genetic clinics. In this 
section, we first consider how risk assessment 
has been applied to guide interventions used in 
high-risk clinics and then how routine risk assess-
ment could improve the effectiveness of genetic 
clinics, by triaging women at a younger age and 
through risk-adapted screening.

20.3.1  Eligibility for Genetic Testing 
and Models Incorporating 
Genetic Testing

Some risk models may be used to determine a 
woman’s eligibility for BRCA1/2 mutation test-
ing. Carriers are highly likely to develop BC 
(penetrance approximately 7  in 10 invasive or 
ductal carcinoma in situ by age 80 years), but the 
genes only account for a small proportion of BCs 
in the population because they are not common 
(approximately 3 per 1,000 women are carri-

Table 20.1 Methods and components of some commonly used individual risk prediction tools for breast cancer

Broad approach Model Factors included
Type 1: 
segregation 
analysis

Claus [2] Age, first- and second- degree female relatives with breast cancer, ages at 
onset

BOADICEA [4] Age; first-, second- and third-degree female relatives with breast cancer, 
relatives with ovarian cancer and male relatives with breast cancer; ages 
at onset

BRCAPRO [13] Age; first- and second- degree female relatives with breast cancer, 
relatives with ovarian cancer and male relatives with breast cancer; ages 
at onset

Type 2: 
regression 
modelling

Gail [1] Age, age at menarche, age at first birth, previous breast biopsies, history 
of atypical ductal hyperplasia, first-degree relatives with breast cancer

Gail with polygenic 
risk added [16]

Gail model plus risk from 7 SNPs

Gail with breast 
density added [14]

Gail model plus mammographic density visually assessed in five 
categories: 0, 1–24, 25–49, 50–74 and 75–100%

Breast Cancer 
Surveillance 
Consortium (BCSC) 
model [18]

Age, whether affected first-degree relatives (yes/no), benign breast 
disease, ethnicity, mammographic density (BI-RADS categories)

BCSC model with 
SNPs added [19]

BCSC model plus risk from 76 SNPs

iCARE [17] Age, age at menarche, age at menopause, age at first birth, alcohol 
consumption, height, body mass index, hormone therapy, family history 
of breast cancer, smoking

Type 3: 
combination of 
types 1 and 2

Tyrer-Cuzick [3] Age; first-, second- and some third-degree female relatives with breast 
cancer, relatives with ovarian cancer and male relatives with breast 
cancer; ages at onset; whether subject is from Ashkenazi population; 
genetic testing in family; age at menarche; age at first birth; age at 
menopause; height; weight; hormone replacement therapy use; history of 
benign breast disease; previous lobular carcinoma in situ

Tyrer-Cuzick with 
density and polygenic 
risk added [20–23]

Tyrer-Cuzick model plus breast density (either visual percent density, 
BI-RADS categories or Volpara volumetric percent density), plus relative 
risk calculated from polygenic status

Numbers in square brackets indicate references
BI-RADS Breast Imaging Reporting and Data System, SNPs single nucleotide polymorphisms
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ers in the United Kingdom) [24]. Eligibility for 
BRCA1/2 testing is currently usually assessed 
based on risk of being a BRCA1/2 mutation car-
rier, such as determined by the BOADICEA 
model [4, 25]. Clinical thresholds for testing have 
changed, and there is evidence to support widen-
ing them further because the cost of genetic test-
ing continues to decrease [26].

The search for other BC risk genes has identi-
fied a handful of other rare gene mutations that 
confer between two- and fourfold risks relative 
to the population, including CHEK2, ATM and 
PALB2 [5]. These genes account for a tiny pro-
portion of the disease in the population. Although 
the introduction of BRCA1/2 testing has primed 
the area to the importance of genetic testing, it is 
important to note that risk assessment for women 
who test positive for these genes should also 
incorporate other risk factors, including family 
history [27], because they might substantially 
modify a woman’s risk.

20.3.2  Supplemental Screening 
Eligibility

Mammographic screening has been demonstrated 
to reduce BC mortality, but with the strongest 
effect in older postmenopausal women [28]. This 
is partly because the sensitivity of mammography 
is related to mammographic density, as described 
in more detail elsewhere in this book. A woman’s 
breast density declines with age, and it is very 
common for young, premenopausal women who 
are with a healthy weight to have dense breasts. 
Unfortunately, proportionally more cancers diag-
nosed in younger women have a worse prognosis 
(such as ER-negative or triple- negative cancer 
[29]) than at older ages, so that the sensitivity 
of a screening test is arguably more important in 
younger women; one would not consider screen-
ing them if all the lethal cancers were missed.

Higher-stage interval cancers are also an issue 
for older women with non-dense breasts; the 
strong effect of age on the rate of BC means that 
the risk of a lethal interval cancer may actually 
be higher for older women than younger women. 
To improve the sensitivity of screening, many 

centres around the world offer alternative or 
additional screening to mammography, including 
ultrasound or MRI.

For BRCA1/2 mutation carriers, MRI is gen-
erally recommended annually from age 25 to 
30 years (see summary Table 2 in [5]), alone or in 
combination with mammography and ultrasound 
depending on the setting. In the United Kingdom, 
MRI is also recommended for women younger 
than 50 who are classified as non-carriers 
because they have not been tested for gene muta-
tions, but are likely to be a BRCA1/2 mutation 
carrier (greater than 30% risk) or similarly likely 
to be a TP53 carrier [30]. The American Cancer 
Society criteria for non-carriers are much wider 
and include that women with a lifetime risk of 
more than 20% should be offered supplemental 
MRI screening [31], where the risk assessment is 
primarily based on family history.

Thresholds for supplemental screening by 
MRI in the United States and United Kingdom 
are based on different endpoints. A decision 
threshold based on the probability of being a 
gene carrier will be conservative, and many 
women who could benefit from supplemental 
screening because they are at risk of the disease 
due to other factors will not be included. A deci-
sion threshold for supplemental screening based 
on lifetime risk is more equitable, but it also has 
limitations including that lifetime risk is greater 
for younger women than older women, but they 
might be at quite a low absolute risk over the next 
few years. It is arguable that a shorter time hori-
zon and different endpoint might be more appro-
priate than those in current guidelines, such as 
a 5-year risk of interval cancer based on mam-
mography screening alone. The reason is that 
this is closer to the purpose of supplemental MRI 
screening, which is to avoid a screening failure. 
Additionally, one would also ideally take into 
account the chance of a more lethal cancer. We 
will come back to this in the next section on risk 
model improvements.

In summary, decision rules based on some 
form of risk assessment and threshold are used 
in current guidelines for supplemental screening 
eligibility, including for breast MRI. While the 
thresholds, models and endpoint might change 
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with new evidence, decision rules based on risk 
and thresholds to determine eligibility for supple-
mental screening are likely to remain.

20.3.3  Preventive Surgery 
and Therapy Eligibility

Preventive surgery is generally only recom-
mended for a small proportion of women who 
are at high risk because they are part of a high-
risk family, while preventive therapy might be 
appropriate for a larger number of women. In the 
United Kingdom, a 10-year risk of approximately 
8% or more is the recommended boundary for 
preventive therapy, and approximately 1% of the 
screening population fall into this category using 
classical risk factors [20, 30].

Preventive surgery for BC includes risk- 
reducing (prophylactic) mastectomy and, for 
BRCA1/2 mutation carriers, also risk-reducing 
(prophylactic) oophorectomy due to the simulta-
neous increased risk in ovarian cancer. These are 
life- changing events, and accurate risk assess-
ment is vital, in order that an informed decision 
can be made weighing up the potential harms and 
benefits of the procedures. It has been shown that 
the family history of disease in BRCA1/2 muta-
tion carriers helps to refine risk beyond the aver-
age lifetime risk of 7 in 10 [24].

Two preventive therapy agents have shown 
efficacy for the prevention of ER-positive 
BC. The first are called selective ER modulators 
(SERMs) and include tamoxifen, raloxifene and 
others [32]. The second are called aromatase 
inhibitors (AIs) and are generally only suitable 
for postmenopausal women, but they appear to 
confer greater reductions in the risk of BC [33]. 
Tamoxifen and anastrozole are off patent and are 
cost-effective means to prevent BC in women at 
high risk that are included in health guidelines 
in the United Kingdom [30]. Recent advances in 
risk assessment, where polygenic SNP scores and 
mammographic density are combined with clas-
sical factors, are likely to substantially increase 
the number of women in the population who 
would meet thresholds for the recommendation 
of these therapies. However, the acceptability 

of the treatments due to serious adverse events, 
perceived and real side effects, lack of knowledge 
and logistical difficulties appears to have limited 
their uptake and adherence for preventive use 
[31, 34].

To date, the most likely women to have been 
offered preventive therapy are those attending 
genetic clinics. Evidence from the trials suggests 
that women with high-risk histotypes of benign 
disease such as atypical hyperplasia or lobular 
carcinoma in situ may obtain the greatest reduc-
tions in risk from preventive therapy agents [35]. 
Thus, risk assessment based on benign disease 
characteristics appears to be particularly impor-
tant for preventive therapy assessments. Three 
models incorporate the pathology of benign 
disease, the Benign Breast Disease to Breast 
Cancer (BBD-BC), Breast Cancer Surveillance 
Consortium (BCSC), and Tyrer-Cuzick models 
[3, 18, 36].

20.3.4  Population Risk-Adapted 
Screening Strategies

In a sense, there is nothing new in research 
proposals for risk-adapted BC screening in the 
general population, since population screening 
programmes are based on two of the strongest 
risk factors for BC: age and gender. Women 
between a younger age (usually at least 40 years) 
and an older age (sometimes up to 75 years) are 
screened every 1, 2 or 3 years depending on the 
setting [37]. Screening programmes do not gen-
erally screen women younger than 40 because 
their average risk is very low and the sensitivity 
and specificity of mammography as a screening 
test does not warrant it: there is evidence that 
mammography screening for younger premeno-
pausal women confers less mortality benefit than 
for postmenopausal women. The programmes do 
not screen women above a certain age because, 
although they are at a higher BC risk, other dis-
eases have a strong force for mortality so that 
mortality benefits from screening are less and felt 
to be outweighed by potential harms. These argu-
ments may be extended to strategies based on 
risk assessment using additional factors to age.
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Routine risk assessment and risk-adapted 
screening are not commonly undertaken in the 
general population but have been applied in 
some settings. In particular, Kaiser Permanente 
Washington (formerly Group Health Cooperative) 
has had some form of risk-adapted screening 
strategy in place for several decades [38]. In 1990 
their programme was designed so that a woman 
was put into one of four screening strategies 
depending on her age and risk (annual, biannual, 
triannual or no screening). Routine risk assess-
ment is becoming more common in other centres 
in the United States partly driven by radiology 
reporting systems that may automatically run a 
BC risk assessment, which is then available for 
the radiologist.

There has been less scope for general risk 
assessment in population screening programmes, 
and so some studies have been set up in Europe 
to assess the feasibility and acceptability of risk 
assessment in large general population cohorts as 
well as how it might practically be implemented. 
In the United Kingdom, the Predicting Risk of 
Cancer at Screening (PROCAS) study recruited 
from 2009 to 2014; all women completed a risk 
questionnaire, some donated saliva, and risk 
feedback was assessed [39]. A similar study in 
Sweden (KARMA) has finished recruitment 
[40], and another study is currently recruiting in 
the Netherlands (PRISMA) [41].

Overall, the evidence appears to support the 
acceptability of risk assessment for many women, 
but there are still important questions surround-
ing risk feedback, including potential harms 
related to informing healthy women of their risk, 
and these need further investigation.

20.3.5  Evidence to Support Risk- 
Based Management

Risk-based screening and prevention is quite 
a broad topic, and studies to date that provide 
some evidence on the efficacy of risk-based 
management have tended to focus on more 
narrow, well- defined questions. These include 
a study of annual mammography in women 
aged 40–49  years who were at an increased 

risk due to their family history, which showed 
reduced BC mortality from annual screening 
[6]. Studies have also generally shown supple-
mental screening based on MRI and ultrasound 
to improve the sensitivity of the screening test 
[42, 43]. As  screening with a less sensitive test 
(mammography) confers BC mortality reduc-
tions, supplemental screening is also likely to 
further improve long- term outcomes for women. 
But, the increased sensitivity is often offset by 
decreased specificity and potential overdiagno-
sis, so it is not a straightforward decision to rec-
ommend supplemental screening.

Screening intervals vary between countries, 
but nowhere has a screening with a longer inter-
val than 3 years been reported [37]. The trials and 
observational data to evaluate screening perfor-
mance based on individual screening histories 
support screening intervals up to 3 years in post-
menopausal women, but more regular and more 
intensive screening in younger women appears 
needed in order to substantially reduce their mor-
tality and make the test worthwhile. There is very 
little evidence to support longer screening inter-
vals, and so new trials and studies are needed. For 
example, shorter screening intervals are expected 
to reduce mortality (those cancers detected at 
their screen will be diagnosed earlier than with 
longer intervals). But it is not clear whether 
enough women would be diagnosed early enough 
to reduce mortality to make it effective. There 
are also questions as to what constitutes a low- 
risk group. Women are at a much lower risk for 
cervical cancer than BC, and yet public health 
strategies are clear that it is worthwhile to screen 
for cervical cancer. In other words, the decision 
to screen or not to screen women should not be 
solely based on relatively low absolute risks of 
the disease but also on deaths prevented and 
other outcomes.

Some studies are underway or starting that 
will help to assess risk-based screening. One is 
the UK age extension trial (ClinicalTrials.gov 
Identifier: NCT01081288), which will assess the 
benefits of screening earlier (age 47–49  years) 
compared with later (70–73  years of age), and 
the data will indirectly help to inform on the 
value of additional screening in higher-risk 
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groups with a higher competing mortality than 
in lower-risk groups with a lower competing 
mortality. One trial into the use of supplemental 
screening for women with dense breasts is being 
run in the Netherlands (DENSE trial, Breast 
Cancer Screening with MRI in Women Aged 
50–75 Years with Extremely Dense Breast Tissue, 
ClinicalTrials.gov Identifier: NCT01315015) 
[44]. Two trials will assess changing the screen-
ing interval. These are also the WISDOM trial 
(Women Informed to Screen Depending on 
Measures of Risk; ClinicalTrials.gov Identifier: 
NCT02620852) in the United States, which will 
compare annual screening with a risk-based BC 
screening schedule [45], and a European trial that 
is due to start in 2019 [46].

In summary, there is some evidence to sup-
port risk-based management, particularly for 
increased surveillance of those at higher risk. 
However, randomized trial evidence is quite lim-
ited, and so efforts are ongoing to help fill this 
gap. There is also much less evidence to assess 
the value of reduced surveillance in women at a 
lower risk of the disease, and a greater under-
standing of the impact of reduced surveillance 
appears warranted before the offer of regular 
screening may be withdrawn from some women 
in screening programmes.

20.4  Improvements to Risk 
Models

Many different risk models have been developed 
[12]. While this is understandable from a research 
perspective, from a clinical perspective, it is con-
fusing. For example, if guidelines state that a life-
time risk of 20% is needed for supplemental MRI 
screening and two ‘validated’ models assess the 
risk to be, respectively, 17% and 22%, then what 
is to be done? Which model is more accurate?

One reason why risk models differ is that they 
have been developed for different populations. 
For example, a model such as the Gail model is 
best suited to the general population and poten-
tially triage to a high-risk genetic clinic [1]. As 
noted by the developers, it is not at all suited to the 
assessment of risk in the genetic clinic, because 

the family history information used is just the 
number of affected first-degree relatives (mother, 
sisters, daughters), it doesn’t take account of 
BRCA1/2 testing and so on. Specialized models 
based on more extensive family history data are 
needed.

Another reason why risk models differ is that 
they use different risk factors. For example, the 
BCSC model uses some of the same risk factors 
as the Gail model but also incorporates mammo-
graphic density, which is a risk factor with a high 
population-attributable risk that can substantially 
alter a woman’s risk assessment [15].

A final reason that we consider here is that 
the models may have different assumptions on 
the effect of risk factors. For example, the Tyrer- 
Cuzick model is calibrated to BC rates in the 
United Kingdom and the Gail model to rates in 
the United States [1, 3]. While these are broadly 
comparable, they are not identical, so that differ-
ences of a few percentage points in terms of abso-
lute risk would be expected depending on the age 
of a woman.

Risk factors used by some models that are 
freely available are shown in Table 20.1, and there 
is a large literature to support them. Theoretically 
a risk model that combines these factors cor-
rectly will provide the greatest accuracy, but a 
counterbalance is that if not combined correctly, 
such as having different associated risks for a 
certain subgroup, a model that combines more of 
them may provide worse accuracy than another 
model with just a few of the major risk factors. 
Validation of risk models in different settings is 
very important.

The aim of this part of the chapter is to con-
sider how the accuracy of risk models may be 
assessed and how it might be improved. We also 
discuss whether new risk models for endpoints 
other than invasive BC might play a role in risk- 
adapted screening and prevention strategies.

20.4.1  Validation of Risk Models

It is important to assess whether a risk model is 
fit for purpose by validating it in external cohorts, 
i.e. different from those that might have been 
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used to develop the model. We next discuss some 
methods used to validate risk models.

A common method is to compare measures of 
the calibration of absolute risks [47] on criteria 
for evaluating models, where absolute risk refers 
to the ‘crude’ risk after accounting for competing 
causes of death. For example, suppose a 5-year 
risk assessment is made for each woman and all 
women are followed up to 5  years after base-
line, so that all BCs that occur within 5 years are 
known. Then the sum of the predicted risks will 
provide the expected number of BCs and may 
be compared with the observed number over the 
period. Under mild assumptions, the observed 
number will follow a Poisson distribution, 
from which a test or confidence interval of the 
observed to expected ratio may be derived. This 
is a test of overall calibration, but a model may 
be well calibrated by the method overall but not 
in individual risk groups. In this case, the model 
would be useless for risk-adapted screening strat-
egies based on thresholds and groups of different 
women, so it is vital to assess the calibration of a 
risk model in risk subgroups.

Validation of absolute risks is important for 
model validation, but it is difficult in screening 
settings. The model’s absolute risks might be 
perfectly valid in the wider cohort of women in 
the population, but they show lack of calibration 
due to selection bias: the sample cohort does 
not reflect the wider population. One reason is 
that most risk models are calibrated to fit to BC 
rates in the population, not just those who attend 
screening. Many of the cohorts available to assess 
risk will be women attending screening or at least 
contain more women who attend screening or are 
willing to participate in scientific studies than 
the wider population. Thus, overall, one might 
expect observed rates to be higher than predicted 
by the risk models: the women in the cohort have 
earlier BC detection than the general population. 
On the other hand, one often assesses the BC risk 
in a group of women without BC. If a screening 
test has been applied at baseline, then the analytic 
approach of removing cancers detected initially 
makes the predicted incidence lower than that 
observed in the population due to the removal of 
a pool of cancers and the time taken for new can-

cers to develop (although one might argue that 
the risk models should take this into account by 
using information on when the last screen was 
performed).

Partly due to these and other difficulties in 
assessing absolute risk, we feel that it is important 
to also consider the calibration of a model’s rela-
tive risks. An assessment of the relative risks, after 
accounting for potentially different background 
age rates between the model and sample, is par-
ticularly informative. A common phenomenon for 
statistical models is that the highest risk will be 
a lower risk than anticipated and the lowest risk 
will be a higher risk than anticipated. The extent 
of this regression to the mean or shrinkage may 
be estimated using a regression coefficient, which 
is an informative performance summary measure 
for the overall calibration of relative risks [20].

Calibration of relative and absolute risks is 
important, but it is possible to have a perfectly 
calibrated model by using the overall risk for 
everyone. It is also important for a risk model 
to have good discrimination. From a modelling 
perspective, one might prefer discrimination to 
calibration, because if the calibration is wrong, 
then it can usually be fixed. A statistical measure 
of model discrimination that has often been used 
is the concordance index,2 which for a binary 
outcome is also the area under the curve (AUC) 
from a receiver operating characteristic (ROC) 
analysis. However, it is rarely a good idea to 
focus solely on the concordance index to assess 
model discrimination [47–49]. A major limita-
tion is that it does not really reflect the clinical 
utility of a risk model. For example, risk assess-
ment using mammographic density in addition to 
classical risk factors has been noted to provide 
very small incremental increases in the concor-
dance index, yet this neglects one intended use 
of risk models: to identify women at a high risk 
of BC. Combining breast density with classical 

2 The C-statistic (sometimes called the ‘concordance’ sta-
tistic or C-index) for a binary outcome, such as disease or 
not, gives the probability a randomly selected patient with 
disease will have a higher risk score than a patient without 
disease. For a survival outcome, such as time to death, it 
gives the probability that the person with the higher risk 
score will live longer [48].
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risk factors has been seen to approximately dou-
ble the number of women in a general screening 
population at high risk [20], for whom preventive 
therapy may have the greatest impact on absolute 
risk reductions. Clearly mammographic density 
is very informative for this aim, but the increase 
in concordance index shown is quite small and 
does not reflect its importance.

In conclusion, many models have been devel-
oped, but few have been thoroughly validated, 
and there is very little direct comparison of the 
models in (the same) large cohort studies [12]. 
More research effort in these areas will be 
valuable.

20.4.2  Risk Factors

In this section, we review how risk assessment 
might be improved by incorporating more risk 
factors or refining those currently used.

20.4.2.1  Lifestyle Factors
Figure 20.1 shows a comparison of age-adjusted 
invasive BC incidence rates in the United 

Kingdom and Japan. It illustrates a substantial 
difference in rates for women aged 50–64 years, 
who are mostly postmenopausal. Further, rates 
of postmenopausal BC in Japanese women who 
migrate to western countries tend to converge to 
the high western rates within a few generations 
[50, 51] and residual differences when residents 
in the country are largely explained by the clas-
sical ‘known’ risk factors [52, 53]. It is therefore 
often posited that environmental factors explain 
the difference in postmenopausal BC risks by 
geographical region, including lifestyle factors.

Figure 20.2a compares the obesity rates for 
women aged 50–64 years in the United Kingdom 
and Japan, where clearly there are large dif-
ferences. Figure  20.2b considers a hypotheti-
cal age- standardized rate of invasive BC in the 
United Kingdom over the period, if there was 
no overweight or obesity, and all women were 
of a healthy weight. The calculation plugged in 
the estimated effect of body mass index (BMI) 
on postmenopausal BC rates (risk increased by 
40% for every ten unit increase in BMI [54]) with 
estimates of overweight and obesity prevalence 
in women aged 50–64 years over the same period 
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(based on Health Survey for England 2015, http://
digital.nhs.uk/hse2015trend). It highlights that 
some of the recent trend towards increased risk 
for BC is explained by the trends in obesity [55], 
but not all. Additionally, obesity (at least as mea-
sured through BMI) does not explain most of the 
difference in postmenopausal BC rates between 
the United Kingdom and Japan, and, although 
not shown, differences in other moderate risk fac-
tors such as height, alcohol and age at first child 
do not explain the remainder.

This raises two issues. Firstly, there is a 
question as to whether current risk models are 
suitable for everyone in the diverse popula-
tions that make up screening populations such 
as in the United Kingdom. Research has argu-
ably been skewed towards risk assessment in 
white Caucasian populations, and it is not clear 
whether current models are applicable for, say, 
migrants from a country with low incidence. 
More research is needed to assess this issue. 
Secondly, it is plausible that there is scope to 
identify better risk factors and measures of 
differences in lifestyle than done to date. For 
example, adult weight gain has been associated 
with BC risk in a number of studies and also 
with other cancers and disease [56]. Weight 
gain is associated with BMI because those who 
have gained the most weight also tend to be 

obese, so ongoing work is seeking to assess if 
and how it provides additional information to 
attained weight.

20.4.3  Genetic Factors

Collaborative research has identified many 
genetic alterations that are associated with BC 
risk [19, 57]. Individually these common SNPs 
have small effects on risk of BC, but when they 
are combined into a polygenic risk score in 
combination with other risk factors, they may 
substantially improve risk stratification [58]. 
New discoveries are regularly being validated 
and published [59], and it is likely that the dis-
coveries will continue with statistical methods 
to develop the most informative polygenic risk 
scores helping to further improve predictability. 
To date, it has been estimated that almost half of 
the genetic variation and clustering due to famil-
ial risk may be explained by known genetic fac-
tors [27]. However, it is also perhaps likely that 
the incremental benefits for overall breast cancer 
from now will be small, but with larger gains 
in the modelling of disease subtypes, including 
ER-negative breast cancer. There is a question as 
to whether and how much the environment might 
interact with genetic factors, but it appears that 
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gene-environment interactions with currently 
known genetic and environmental risk factors are 
very weak, if present at all [60].

20.4.3.1  Imaging Features
A large literature has developed around mammo-
graphic density [61]. In some sense, this confers 
a level of information similar to that provided 
by the current SNPs and questionnaire factors 
beyond age, and it can substantially help to iden-
tify high- and lower-risk women [20]. Methods to 
measure density reliably, accurately and with the 
strongest risk association is still an ongoing area 
of research. In addition, many states in the United 
States now mandate that density is reported by 
radiologists following a negative screening 
result; women with dense breasts might consider 
supplemental screening. Partly for this reason, 
there is also some ongoing research into meth-
ods to measure the masking risk associated with 
mammographic density.

Mammographic density is the ratio between 
glandular and fibrous tissue and glandular stroma, 
but surprisingly little is known about the biologi-
cal basis through which it confers risk [62]. For 
example, tamoxifen is well established to reduce 
mammographic density, but it is not clear what 
happens at a cellular level when this occurs. It 
is also perhaps surprising that despite decades of 
research into measures of mammographic den-
sity, very few measures appear superior for risk 
assessment than a crude BI-RADS categorization 
that in a general screening population puts the 
majority of women into two of four categories. 
There is substantial inter- and intra-reader varia-
tion in subjective density assessment, so that the 
true risk underlying it is likely to be much higher 
than reported due to attenuation from measure-
ment error.

One area of research that has tried to improve 
automated density assessment has examined 
whether other features of a mammogram than just 
the amount of whiteness are associated with BC 
risk. The original idea of Wolfe was to use a cat-
egorical description that included density in the 
sense of whiteness but also whether there were 
prominent ducts or dysplasia [63]. Although per-

centage density has superseded this description 
and appears to have a stronger association with 
risk [64], there is a persistent feeling from experts 
that there should be additional information in tex-
ture to be extracted from  mammograms. Despite 
this, the quantity of research into the area is quite 
limited. A review paper found just 17 papers that 
considered textural features for risk, and there 
was very little consistency between the findings 
[65]. A key challenge of using textural features of 
a mammogram is to identify true features rather 
than statistical artefacts, perhaps due to the study 
design, and much more remains to be done [66].

Machine learning methods are currently a 
hot topic, and there are moves to assess methods 
that use very large data sets to learn appropriate 
ways to classify them for BC screening problems 
[67]. Although these methods hold some prom-
ise for risk assessment, they are currently largely 
untested.

While some research has focused on image 
features from a mammogram, other aspects of the 
breast become visible when using different imag-
ing techniques. One focus from MRI has been 
background parenchymal enhancement (BPE), 
which arises in the breast image after administra-
tion of a contrast agent and broadly corresponds 
to microvessel density. It has been posited that 
while mammographic density includes both glan-
dular and fibrous tissues, it is only the glandular 
tissue that is important for breast cancer risk and 
that BPE is a better measure of glandular tissue 
than mammographic density. Similar to mammo-
graphic density, there is no standard automated 
method to measure it, and most studies have 
relied on subjective reader assessment follow-
ing a four-category scale [68]. As breast MRI is 
much less common than mammography and only 
typically applied to women at a high risk of the 
disease, it is more difficult to assess it as a gen-
eral risk factor in general populations. However, 
in high-risk groups, it appears to predict risk and 
to be as important a risk factor as mammographic 
density, and it is likely to be an independent risk 
factor [62, 69].

In summary, breast density is a well- 
established risk factor with a high population- 
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attributable risk [70], but better measures of 
density are needed, and new risk features from 
different imaging techniques may provide further 
stratification of risk beyond density.

20.4.4  Risk of Screening Failure

Most risk models focus on the risk of invasive 
BC in unaffected women, projecting annual rates 
over the remainder of a woman’s lifetime. They 
have been used to determine the eligibility for 
supplemental screening, particularly MRI in the 
United States.

However, it is worth taking a step back to 
consider whether invasive BC risk is the right 
endpoint and whether it might be better to focus 
on the reason for supplemental screening: screen-
ing failure or interval cancers. That is, one might 
determine the screening regimen on the basis 
of risk (of interval cancer) given the screen-
ing rather than underlying risk of cancer in the 
absence of screening. In the United Kingdom, 
the cervical screening programme is in the pro-
cess of changing to human papillomavirus test-
ing but presently offers cytological screening 
every 3 years for women aged 25–49 years and 
every 5 years for women aged 50–64 years, not 
on the basis of underlying risk of cervical can-
cer in these groups but because the risk of cancer 
after a negative screen rises more swiftly in the 
younger age group [71]. Also, it has long been 
considered likely that mammographic screening 
in women aged under 50 years should be more 
frequent than in women aged 50 years or older, 
despite the lower risk in the former group. The 
rationale for the shorter interval proposed for the 
younger group is the more rapid tumour progres-
sion on average and the denser breast tissue in 
that age group.

One might therefore propose a model that 
includes short-term risk (such as 5-year risk) and 
imaging features that predict screening failure, 
particularly mammographic density [72]. Then 
women with a high risk of interval cancer are 
offered supplemental screening. This need not be 
the only approach, and one might also wish to 

predict the type of cancer and offer supplemen-
tal screening to those most likely to have a more 
lethal interval cancer.

Tailored risk models for supplemental screen-
ing are not well developed, and there seems to 
be scope for model development in this area. 
However, there are also difficulties that might 
make decisions based on risk of invasive BC 
more robust and transferable between settings.

For instance, suppose that one uses a large 
database to develop a model for lethal inter-
val BCs, then it is validated in a similar set-
ting, and the model is used to undertake formal 
cost- benefit and other analyses to determine the 
threshold to use for supplemental screening. This 
process will take some time and will use historic 
data. In the meantime, technology will move on, 
and the model might no longer be applicable. To 
give an example, film-screen mammography has 
been replaced by digital mammography, and (in 
the United States at least) there is now a wide 
move towards digital breast tomosynthesis. 
Change in technology will alter the sensitivity of 
the screening test, perhaps in certain subgroups 
of women, so that the assumptions in the model 
may be expected to no longer hold. In addition, 
there will be differences between good and bad 
screening centres, and those centres who par-
ticipate in research projects might be the better 
centres, with higher sensitivity than those that do 
not. Thus, while risk of interval cancer is theoret-
ically appealing and seemingly a more sensible 
index than risk of invasive cancer for decisions 
about supplemental screening, there are impor-
tant issues around the data that would be used to 
build and validate them that make it a challenge.

There is some potential to develop better risk 
models to determine eligibility for supplemental 
screening than those with invasive cancer as the 
endpoint. But current models for the risk of inva-
sive cancer are also not without merit for making 
decisions about supplemental screening. A model 
for invasive BC risk that includes mammographic 
density includes the strongest known predictor of 
screening failure (density), and the absolute risk 
of lethal cancer is also highly correlated with the 
risk of invasive cancer.
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20.4.5  Breast Cancer Subtype Models

Most current BC risk models assess the risk of 
invasive BC.  For risk-adapted screening and 
prevention, it may be more informative to pre-
dict the risk of cancer subtypes. In the following, 
we consider how some risk factors relate to BC 
subtypes.

Age is an important risk factor for all types of 
BC. A family history of BC is also a risk factor 
that is associated with all types of BC, and so is 
breast density [73, 74].

Reproductive risk factors have tended to be 
observed to be more associated with hormone 
receptor-positive than hormone receptor-negative 
disease [75]. Later age at first child or nulliparity, 
younger age at menarche and hormone therapy 
have been associated with hormone receptor- 
positive disease. On the other hand, there is some 
evidence that breastfeeding reduces the risk of 
triple-negative BC [76].

For benign disease, it appears to be impor-
tant to stratify by pathology. Benign disease 
with atypical hyperplasia or lobular carcinoma 
in situ appears to be primarily associated with 
ER-positive disease [77]. This is consistent with 
the trials of preventive tamoxifen, which showed 
a larger preventive effect for women with these 
types of benign disease [35].

Overweight and obesity are well established 
to be a postmenopausal risk factor for BC. It has 
sometimes been observed to show an inverse 
effect for risk in premenopausal women, but 
it is not a consistent finding [78], and the rela-
tionship of obesity with BC risk appears to be 
more nuanced than a pre- and postmenopausal 
change when one considers the type of disease. 
Obese premenopausal women are likely to have 
a greater risk of triple-negative BC than women 
with a healthy weight, and the strength of asso-
ciation for triple-negative BC decreases after the 
menopause [78].

In terms of genetic risk, women with a del-
eterious BRCA1 mutation are more likely to 
develop triple-negative BC, while most cancers 
arising in BRCA2 mutation carriers tend to be 

ER positive [79]. There is some data suggesting 
that CHEK2 mutation carriers are more likely 
to develop ER-positive cancers [27]. The large 
majority of SNPs identified with invasive can-
cer have only been validated for ER-positive 
disease, but there are also some only for 
ER-negative disease [59, 80].

Finally, there may be some risk factors asso-
ciated with BC subtypes missed when studying 
all invasive cancer together. One example is 
diet: eating more vegetables has been observed 
to reduce the risk of ER-negative cancer, but 
with little effect on the risk of ER-positive can-
cer [81].

20.4.6  Risk Assessment More 
Generally

We finally briefly consider where BC risk assess-
ment may fit into a wider picture of a woman’s 
health. To illustrate this issue, we consider an 
important modifiable risk factor with a high 
population- attributable risk: overweight and obe-
sity [70].

As noted above, there is some evidence that it 
is a risk factor for a subtype of BC with the worst 
survival (triple-negative BC) and obese women 
are more likely to die of BC than women with 
a healthy weight [54]. Additionally, overweight 
and obesity is a risk factor for many other diseases 
and overall mortality [82]. One concern with risk 
feedback for BC in healthy women is whether 
any action may be recommended to modify the 
risk of BC. Weight reductions might make little 
discernible difference to a BC risk assessment 
from an individual woman’s perspective, but it 
is arguably better to frame the impact of behav-
ioural changes on her overall risk of diseases and 
mortality. Managing a healthy weight will reduce 
a woman’s risk of premenopausal triple-negative 
BC, her risk of postmenopausal BC and her risk 
of dying from BC; it will increase life expec-
tancy. A quantification of all these components 
could be provided, but risk models to help do so 
do not appear to be developed at present.
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20.5  Conclusions

In this chapter, we reviewed some current 
breast cancer risk assessment models, dis-
cussed their use in clinical decision-making and 
identified some areas for further development. 
Mammography screening based on age and gen-
der has saved many lives through early detection 
of breast cancer [83]. Future advances are likely 
to arise from comprehensive breast cancer risk 
assessment that combines classical questionnaire 
factors, mammographic density and genetic test-
ing and use risk-stratified screening and preven-
tion strategies. New trials are indicated to assess 
the utility of risk-adapted screening strategies 
compared with current practice.
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21.1  Introduction

The combination of early diagnosis and modern 
treatment protocols, including surgery, radiation 
therapy, and chemo- and hormonal therapies, has 
increased survival rates of breast cancer patients, 
with the relative contribution of screening to this 
success estimated to be about 46% [1]. In the 
United States, the average 5-year survival rate for 
women diagnosed with breast cancer is estimated 
to be 90% [2]. The 5-year survival rate after 
breast-conserving surgery and radiation therapy 
has been recently reported to be 94% in Canada 
[3] and 97% in Norway [4].

As a result, the number of women with a per-
sonal history of breast cancer (PHBC) is increas-
ing across the world. A 2014 population-based 
study projected that 209,200 women would have 
been living with breast cancer in Australia in 
2017, which is nearly 1% of its total population 
[5]. There are similar projections in the United 
States (3.5 million) [6]. In Italy, breast cancer has 
been estimated to account for about 42% of the 
total cancer cases in women [7]. Thus, millions of 
women require post-treatment surveillance, and 
healthcare systems require planning and devel-
opment to accommodate this increased demand, 
including active treatment when necessary.

Women with a PHBC have an increased risk 
of a second breast cancer if compared with the 
average female population without a PHBC 
[8]. This includes (a) ipsilateral locoregional 
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 recurrences of the first breast cancer (true ipsilat-
eral recurrences), (b) distant metastases, (c) new 
ipsilateral breast cancers, and (d) contralateral 
breast cancers. After breast-conserving surgery, 
true ipsilateral recurrences occur during the first 
5 years, and in particular the first 2 years, with 
a subsequent decrease over time [9]. A case of 
an invasive ductal carcinoma (IDC) detected by 
screening magnetic resonance imaging (MRI) 
4  years after a previous IDC in the ipsilateral 
breast is shown in Fig. 21.1.

Higher relapse rates occur during the first 
5 years, but women with a PHBC remain at risk 
for recurrences and new (second) primary breast 
cancers beyond this high-risk period [9, 10]. The 
overall annual rate of ipsilateral recurrence is 
approximately 1% for up to 20 years after the ini-
tial therapy [11], which contributes to an increase 
in the cumulative incidence [12, 13]. The onset 
of new (second) primary breast cancers typically 
occurs later, after the first 5  years [12, 14, 15]. 
In a report from the Women’s Environmental 
Cancer and Radiation Epidemiology Study [16], 
the cumulative 10-year risk of contralateral breast 
cancer in women with a PHBC diagnosed between 
ages 25 and 54 and a family history of a first-
degree relative with breast cancer was 8.6% (95% 
confidence interval [CI], 6.1–11.5%) and without 
a family history was 4.6% (95% CI, 4.0–5.1%). 
Given that women with a PHBC remain at risk for 

recurrences and new cancers, surveillance should 
continue after the initial high-risk period. Cases 
of ipsilateral cancers detected by screening MRI 
from 8 to more than 15 years after treatment of 
the previous event are shown in Figs. 21.2 to 21.5. 
Cases of contralateral cancers detected by screen-
ing MRI are shown in Figs. 21.6 and 21.7.

Further stratification of risk among women 
with a PHBC is important for the planning of sur-
veillance programs. To do so, we may consider a 
meta-analysis of 17 randomized trials of women 
treated with breast-conserving surgery and radia-
tion therapy [17], which reported an overall 
10-year recurrence rate of 19.3% and a 15-year 
breast cancer mortality rate of 21.4%. These rates 

Fig. 21.1 A 49-year-old female with a history of lumpec-
tomy and radiation therapy for an invasive ductal carci-
noma of the right breast. Screening MRI performed 
4  years after treatment: axial fat-saturated contrast- 
enhanced scan demonstrates a small enhancing mass with 
irregular shape and margins in the lower right breast at 
posterior depth (arrow). Surgical pathology revealed a 
node-negative invasive ductal carcinoma

Fig. 21.2 A 60-year-old female with a history of lumpec-
tomy for ductal carcinoma in situ of the right breast and 
lumpectomy plus radiation therapy for an invasive ductal 
carcinoma of the left breast. Screening MRI performed 15 
years after lumpectomy on the right: axial fat-saturated 
contrast-enhanced scan demonstrates a small enhancing 
mass with irregular shape and margins in the lateral right 
breast (arrow). Surgical pathology revealed a node- 
negative invasive carcinoma with ductal and lobular 
features

Fig. 21.3 A 40-year-old female with a history of lumpec-
tomy plus radiation therapy for an invasive ductal carci-
noma of the left breast. Screening MRI performed 8 years 
after treatment: axial fat-saturated contrast-enhanced scan 
demonstrates focal non-mass enhancement adjacent to the 
surgical site in the left breast (arrow). Surgical pathology 
revealed a node-negative invasive ductal carcinoma
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Fig. 21.4 A 72-year-old female with a history of lumpec-
tomy and radiation therapy for an invasive ductal carci-
noma of the right breast. Screening MRI performed more 
than 15 years after treatment: axial fat-saturated contrast- 
enhanced scan demonstrates an enhancing mass with 
irregular shape and margins in the central right breast at 
posterior depth (prepectoral location, arrow), which was 
biopsied to reveal invasive ductal carcinoma

a b

Fig. 21.5 A 57-year-old female with a history of lumpec-
tomy and radiation therapy for an invasive ductal carci-
noma of the right breast. Screening MRI performed 
12  years after treatment: axial (a) and sagittal (b) fat- 
saturated contrast-enhanced scans demonstrate an enhanc-

ing mass with irregular shape and margins in the upper 
outer quadrant of the right breast at posterior depth (pre-
pectoral location, arrows in a and b), which was biopsied 
to reveal invasive ductal carcinoma

Fig. 21.6 A 69-year-old female with a history of lumpec-
tomy and radiation therapy for an invasive ductal carci-
noma of the right breast. Screening MRI performed 
6  years after treatment: axial fat-saturated contrast- 
enhanced scan demonstrates focal non-mass enhancement 
in the lower inner quadrant of the left breast (arrow). 
Surgical pathology revealed a node-negative invasive duc-
tal carcinoma
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were 42.5% and 42.8%, respectively, in women 
with nodal disease and 15.6% and 17.2%, respec-
tively, in women with node- negative disease [17]. 
The risk of local recurrence has been shown to 
strongly depend on nodal status, age, tumor size, 
and grade. Specifically, positive lymph nodes, 
young age, large tumor size, and high grade are 
each strongly predictive of locoregional recur-
rence [17, 18].

Breast imaging surveillance of women with 
a PHBC should consider that, as stated above, 
the overall annual rate of ipsilateral recurrence 
is approximately 1% for up to 20 years after the 
initial therapy [11]. Thus, women with a PHBC 
represent a subgroup of women with intermedi-
ate breast cancer risk, higher than that of women 
without personal or relevant familial breast 
 cancer history but lower than that of BRCA 
or p53 mutation carriers [19]. Importantly, in 
women with a PHBC, the detection of a second 
breast cancer during the asymptomatic phase 
rather than the symptomatic phase can improve 
survival by between 27% and 47% [20].

Surgical and radiation treatment of breast can-
cer pose difficulties for subsequent surveillance 
with mammography, since scarring and retrac-
tions may obscure or mimic recurrent or new 

cancers. In a study of 58,870 screening mam-
mograms in 19,078 women with a personal his-
tory of ductal carcinoma in situ (DCIS) or stage 
I/II invasive breast cancer matched to women 
without a PHBC [8], the cancer detection rate of 
screening mammography was higher, the sensi-
tivity was lower, and the interval cancer rate was 
higher in the former group.

This is the context by which to evaluate the 
potential role of modalities such as breast MRI 
as an adjunct to standard mammographic sur-
veillance for screening women with a PHBC. In 
this setting, MRI could be able to not only dis-
tinguish true recurrent ipsilateral cancers from 
 post- treatment changes but also to provide early 
diagnosis of new ipsilateral and contralateral can-
cers [21–23].

21.2  Available Guidelines 
for Post-Treatment 
Screening MRI

Current guidelines by the American Cancer 
Society (ACS) [24] and the National 
Comprehensive Cancer Network (NCCN) [25] 
recommend annual screening MRI as an adjunct 

a b

Fig. 21.7 A 59-year-old female with a history of mastec-
tomy for an invasive ductal carcinoma of the left breast. 
Screening MRI of the contralateral breast performed 
12 years after the mastectomy: axial (a) and sagittal (b) 

fat-saturated contrast-enhanced scans demonstrate 
clumped non-mass enhancement in the lower central right 
breast, which was biopsied to reveal invasive ductal 
carcinoma
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to mammography for women with an increased 
lifetime risk of breast cancer. Per the ACS [24], 
screening MRI is recommended only to women 
at elevated risk for breast cancer because they are 
more likely to benefit than women at low risk and 
because of the high false-positive rate of screen-
ing MRI. Specifically, MRI is recommended for 
(1) women with the BRCA1 or BRCA2 mutation 
and their untested first-degree relatives, (2) those 
with a lifetime risk of approximately 20–25% or 
greater based on models that are largely depen-
dent on family history, (3) those with a history 
of radiation to the chest between ages 10 and 
30, and (4) those with certain syndromes such 
as Li-Fraumeni. The ACS [24] and NCCN [25] 
concluded that there is insufficient evidence to 
recommend for or against post-treatment screen-
ing MRI in women with only a PHBC. More 
recent guidelines issued by the American College 
of Radiology (ACR) in 2018 [26] recommend 
screening MRI in women with a PHBC and 
dense breast tissue or those diagnosed before age 
50. According to the European Society of Breast 
Cancer Specialists (EUSOMA) working group 
[27], a previous history of invasive breast cancer 
or DCIS not associated with other risk factors 
does not confer an increased risk that justifies 
the use of routine surveillance MRI. Guidelines 
by the American Society of Clinical Oncology 
(ASCO) [28] recommend against post-treatment 
screening MRI for women with a PHBC who are 
otherwise asymptomatic with no specific findings 
on clinical examination.

21.3  Review of the Literature 
on Screening MRI

When the ACS guidelines were issued in 2007 
[24], scarce research was available on the 
use of MRI for surveillance of women with a 
PHBC.  The one study cited in the guidelines 
was a retrospective review of 367 consecutive 
women at high risk for developing breast cancer 
who had negative mammography and their first 
screening MRI during a 2-year period [29]. Of 
the 245 women with a PHBC, 33 (13.5%) biop-
sies were recommended. Thirty biopsies were 
subsequently performed, ten of which revealed 

malignancy. Thus, the cancer detection rate by 
screening MRI was 40.8 per 1,000 examinations 
(10/245), and the positive predictive value (PPV) 
of biopsy was 33.3% (10/30). Of note, in women 
who underwent breast-conserving surgery (rather 
than mastectomy), the cancer detection rate by 
screening MRI was 70.2 per 1,000 examina-
tions (8/114), and the PPV of biopsy was 40.0% 
(8/20). By comparison, in women at high risk 
based on family history alone, the cancer detec-
tion rate by screening MRI was 59.1 per 1,000 
examinations (13/220), and the PPV of biopsy 
was 31.7% (13/41). In women who had both a 
family history of breast cancer and a PHBC, the 
cancer detection rate by screening MRI was 75.0 
per 1,000 examinations (9/120), and the PPV of 
biopsy was 50.0% (9/18). The authors concluded 
that screening MRI is likely to have the highest 
yield in women with both a family history of 
breast cancer and a PHBC, particularly those pre-
viously treated with breast-conserving surgery.

Since 2007, 15 other studies have been pub-
lished on the use of MRI for surveillance in 
women with a PHBC [30–44] (Table 21.1). These 
studies have included a total of 5,428 patients, the 
majority of whom had no other known risk factors 
(such as genetic risk or family history). All studies 
but two had a retrospective design, with patients 
referred by physicians for MRI on the basis of 
their own practice patterns and their own determi-
nation of risk status. One of the two prospective 
studies [32] evaluated the added value of screen-
ing ultrasound (US) or screening MRI for breast 
cancer detection in women at elevated risk (heter-
ogeneously dense or extremely dense breast tissue 
and at least one other risk factor for breast cancer), 
and part of the study provided a specific analysis 
of women with a PHBC. These 15 studies had dif-
fering methodologies with varying periods of fol-
low-up after the initial breast cancer surgery and 
varying numbers of follow-up MRI examinations 
obtained per patient. In addition, in some studies, 
women had negative mammography immediately 
preceding the MRI. Furthermore, the studies dif-
fered with regard to the patient population: some 
studies included only women who had previously 
undergone curative-intent breast-conserving sur-
gery, while others included women who under-
went breast-conserving surgery or mastectomy.
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21.3.1  Cancer Detection Rate

Some studies report the cancer detection rate 
among patients in their study population, whereas 
others report cancers detected per 1,000 screen-
ing MRI examinations. For purposes of this 
review, the cancer detection rate is defined per 
1,000 screening examinations and will be used 
throughout, unless the number of patients was the 
only available data and the number of examina-
tions was not reported. For studies with only one 
round of screening, the number of patients and 
the number of examinations are the same.

One of the largest studies on the use of MRI 
for screening women with a PHBC compared 
915 women with a PHBC but without known 
genetic risk or family history of breast cancer to 
606 women with genetic risk or family history 
of breast cancer [39]. A small number of women 
(n = 64) in the genetic risk/family history group 
also had a PHBC. For each woman, the first MRI 
performed during the 7-year study period was 
considered for analysis. The authors also col-
lected data on breast cancers that were diagnosed 
over a 12-month period after the MRI, including 
interval cancers, but not at the next MRI screen. 
The cancer detection rate by screening MRI was 
17.5 per 1,000 examinations (16/915) in the 

PHBC group and 18.2 per 1,000 examinations 
(11/606) in the genetic risk/family history group, 
with an overall sensitivity of 79.4% (27/34). The 
cancer detection rate and sensitivity were not 
significantly different in the two groups.

Gweon et  al. [34] also found a similarly high 
cancer detection rate in patients with a PHBC. In 
their study of screening MRI examinations in 607 
Korean women who underwent breast- conserving 
surgery and had negative mammography and US 
examinations, single-round screening MRI detected 
a total of 10 cancers, for a cancer detection rate of 
16.5 per 1,000 examinations and an overall sen-
sitivity of 83.3% (10/12). One 1.0-cm IDC was 
diagnosed on a 6-month follow-up MRI after the 
initial MRI was given a final assessment category 
of Breast Imaging Reporting and Data System 
(BI-RADS) 3, and one additional 0.8-cm IDC was 
detected on a 6-month follow-up mammogram.

In a prospective study of the diagnostic per-
formance of early (1 year or less) screening MRI 
examinations [41], a total of 11 breast cancers 
were diagnosed among 414 women, 6 of which 
were seen on MRI only. The cancer detection rate 
of MRI was 21.3 per 1,000 examinations (9/422). 
Of the two false-negative cases (both of which 
were DCIS), one cancer had presented as calci-
fications on mammography without enhance-

Table 21.1 Summary of studies on screening MRI in women with a PHBC

First author (year) 
[reference] Patients

MRI 
exams

Cancer detection rate by 
MRI per 1,000 exams MRI sensitivity

Positive predictive value of 
biopsy prompted by MRI

Brennan (2010) [30] 144 NR NR 100.0% (17/17) 27.9% (17/61)
Elmore (2010) [31] 141 202 9.9 (2/202) NR 33.3% (2/6)
Berg (2012) [32] 275 275 10.9 (3/275) 75.0% (3/4) 18.2% (2/11)
Arazi-Kleinman 
(2013) [33]

46 46 NR NR 19.1% (9/47)

Gweon (2014) [34] 607 607 16.5 (10/607) 83.3% (10/12) 43.5% (10/23)
Schacht (2014) [35] 208 NR NR NR NR
Giess (2015) [36] 511 904 7.7 (7/904) NR NR
Weinstock (2015) [37] 249 571 19.3 (11/571) 84.6% (11/13) 29.6% (8/27)
Destounis (2016) [38] 52 146 47.9 (7/146) NR 31.8% (7/22)
Lehman (2016) [39] 915 915 17.5 (16/915) 80.0% (16/20) 25.0% (16/64)
Cho (2017) [40] 754 2,065 7.3 (15/2,065) 88.2% (15/17) 23.5% (12/51)
Kim (2017) [41] 414 422 21.3 (9/422) 81.8% (9/11) 32.1% (9/28)
Strigel (2017) [42] NR 365 30.1 (11/365) NR 42.3% (11/26)
Tadros (2017) [43] 68 181 5.5 (1/181) NR 10.0% (1/10)
Park (2018) [44] 1,044 1,053 2.8 (3/1,053) 75.0% (3/4) 15.8% (3/19)

NR not reported
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ment on MRI, and the other cancer was detected 
on PET/CT but had a negative MRI because of 
marked background parenchymal enhancement. 
In a study of women under 65 years of age with a 
PHBC and at least one follow-up MRI examina-
tion performed along with a mammogram done 
within 6 months of the MRI [37], 11 women were 
diagnosed with malignancy, for a cancer detec-
tion rate of 19.3 per 1,000 examinations (11/571).

In a study by Giess et al. [36], 7 malignancies 
were detected by MRI in 511 women with a PHBC 
and no other risk factors over the 3-year study 
period, for a cancer detection rate of 7.7 per 1,000 
examinations (7/904). By comparison, 5 malig-
nancies were detected by MRI in 172 women with 
a PHBC plus a family history of breast cancer in a 
first-degree relative, for a cancer detection rate of 
17.8 per 1,000 examinations (5/281).

Elmore and Margenthaler [31] studied 141 
women who underwent 202 surveillance breast 
MRI examinations following curative-intent 
treatment for breast cancer: 2 were found to 
have invasive breast cancers, for a cancer detec-
tion rate of 9.9 per 1,000 examinations. In the 
multicenter prospective study reported by Berg 
et  al. [32], single-round screening MRI identi-
fied 10.9 additional cancers per 1,000 women 
(3/275) with a PHBC even immediately after the 
third round of negative mammography and US 
examinations.

Schacht et  al. [35] compared screening MRI 
in 208 women with a PHBC to 345 women with 
family history as the sole risk factor. An addi-
tional 97 women had both risk factors. The rate of 
breast cancer detected on MRI was 2.9% (6/208) 
in women with a PHBC, 2.0% (7/345) in women 
with a family history of breast cancer, and 6.2% 
(6/97) in women with both risk factors. The rela-
tive risk for detection of breast cancer given a 
personal history was 1.42 (95% CI, 0.48–4.17) 
compared to a family history alone. In addition 
to the cancers detected by MRI, six cases were 
detected via physical examination or other breast 
imaging modality (mammography or US) in the 
PHBC group, further supporting the concept of a 
high incidence of cancer in women with a PHBC.

In a multicenter, prospective, nonrandomized 
study of 754 women with a PHBC diagnosed at 

age 50 or younger who underwent breast con-
servation therapy [40], the authors compared the 
performance of a combination of imaging tech-
niques for screening: mammography and MRI 
or US versus mammography alone. The addi-
tion of MRI to mammography led to the detec-
tion of 3.8 more cancers per 1,000 examinations 
compared with mammography alone. Of the 17 
total cancers diagnosed, 2 cancers detected by 
mammography alone presented with suspicious 
calcifications and did not demonstrate suspicious 
enhancement on MRI.

Tadros et al. [43] compared screening MRI in 
68 women with a PHBC to 118 women with a 
family history of breast cancer and/or personal 
history of a gene mutation conferring increased 
risk of breast cancer. Nine patients developed 
a new primary or local recurrence, only one of 
whom had a PHBC.  The cancer detection rate 
was therefore 5.5 per 1,000 examinations (1/181) 
among women with a PHBC.

Park et  al. [44] reported that screening MRI 
in women with a PHBC had an intramammary 
cancer detection rate of 2.8 per 1,000 examina-
tions (3/1,053) and sensitivity of 75.0% (3/4). 
An additional three extramammary cancers were 
detected by MRI. The authors suggested that the 
relatively low intramammary cancer detection 
rate could be due to the following reasons: nearly 
40% (396/1,044) of patients had undergone mas-
tectomy rather than breast-conserving surgery 
and nearly 90% (930/1,044) had undergone pre-
operative breast MR imaging. The cancer detec-
tion rate of screening MRI performed more than 
3  years after surgery was significantly higher 
than that for screening MRI performed within 
3 years, which may provide a basis for establish-
ing guidelines regarding timing of surveillance 
MRI following surgery.

Three studies reported higher cancer detec-
tion rates in women with a PHBC. In 52 women 
with a PHBC but without family history who 
underwent 146 screening MRI examinations 
[38], a total of 7 malignancies were detected, for 
a cancer detection rate of 47.9 per 1,000 exami-
nations. By comparison, in 79 women with a 
PHBC plus family history who underwent 235 
MRI examinations, a total of 8 malignancies 
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were detected, for a cancer detection rate of 34.0 
per 1,000 examinations. A possible explanation 
for these high rates is that all women had a his-
tory of premenopausal breast cancer and 3.1% 
(4/131) of them tested positive for a genetic 
mutation. The authors concluded that women 
with a personal history of premenopausal breast 
cancer only are at a similar risk level as those 
with additional family history for the develop-
ment of subsequent breast cancer.

Brennan et al. [30] also found a higher cancer 
yield compared to other studies. Of 144 women 
with a PHBC but without family history who 
underwent screening MRI, biopsies revealed 
malignancies in 17 (11.8%), 10 of which were 
detected by MRI only. By comparison, in women 
with both a PHBC and family history of breast 
cancer, MRI detected malignancies in 14.7% 
(20/136). The higher cancer yield in this study 
may be explained, in part, by the inclusion of 
multiple years and examinations.

In a single-institution study on screening MRI 
outcomes in routine clinical practice [42], the 
cancer detection rate was 30.1 per 1,000 exami-
nations (11/365) in women with a PHBC, com-
pared to 16.3 per 1,000 examinations (6/367) in 
women with a family history of breast cancer. The 
authors concluded that the performance of screen-
ing MRI in women with a PHBC is promising and 
suggested that MRI may be an important tool for 
supplemental screening in this population.

21.3.2  Tumor Characteristics

In one of the largest studies mentioned above 
[39], the mean size of invasive cancers in the 
group of 915 MRI-screened women with a 
PHBC but without genetic risk or family his-
tory was 9 mm (range 1–18 mm), and all were 
node negative. These results, which demonstrate 
that screening MRI can identify cases that would 
benefit from earlier detection, are comparable to 
those of other studies in women with a PHBC. In 
the study by Gweon et  al. [34], all ten cancers 
detected by screening MRI in women with a 
PHBC were node-negative T1 invasive cancers 
(mean tumor size of 8 mm, range 4–14 mm) or 
DCIS. In a review of 47 MRI-guided biopsies in 

46 women with a PHBC (and no additional risk 
factors) [33], more than half of cancers detected 
by MRI were DCIS (55.6%, 5/9). In the study 
by Brennan et al. [30], 10 of 17 cancers (58.8%) 
detected by MRI were minimal cancers (DCIS or 
node-negative invasive breast cancers less than 
1 cm in size). The ten cancers detected by MRI 
only (versus seven later found to have correlates 
on mammography and/or US) were more likely 
to be minimal breast cancers.

In the aforementioned studies, the vast major-
ity of cancers were DCIS or node-negative T1 
invasive cancers. However, Destounis et al. [38] 
reported that two of seven MRI-detected malig-
nancies in women with a PHBC had axillary 
metastases. In women with a PHBC and family 
history of breast cancer, one of eight malignan-
cies had axillary metastases. As mentioned above, 
a possible explanation for the higher rate of nodal 
disease in this study may be patient selection, in 
that all women had a history of premenopausal 
breast cancer and 3.1% (4/131) of them tested 
positive for a genetic mutation.

21.3.3  Potential Harms Associated 
with Screening MRI

The high sensitivity of breast MRI makes it 
suitable to be used as an adjunct screening test 
in women with a PHBC.  However, false posi-
tives are not negligible and could prompt a large 
 number of benign biopsies with their associated 
costs in time, anxiety, and patient morbidity, in 
addition to their economic burden. (Other issues 
related to the potential harms from contrast mate-
rial administration are discussed in Chap. 7.) 
However, in one of the largest studies on the use 
of MRI for screening women with a PHBC [39], 
false positives were significantly lower in the 
group of women with a PHBC than in the group 
of women with genetic risk or family history of 
breast cancer (113/915 [12.3%] versus 131/606 
[21.6%], p  < 0.001), accompanied by a signifi-
cantly higher specificity (841/895 [94.0%] versus 
509/592 [86.0%], p < 0.001). One possible expla-
nation could be that women in the PHBC group 
were more likely to have a comparison MRI 
examination; however, the lower false-positive 
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rate was maintained when considering only those 
patients without a prior MRI examination [39]. 
The authors also suggested that the effects of 
treatment could lead to easier MRI interpretation 
in patients with a PHBC. For example, radiation 
treatment and hormonal treatment decrease the 
background parenchymal enhancement, which 
could lead to less uncertainty regarding suspi-
cious areas of enhancement versus normal physi-
ological background parenchymal enhancement.

In the study by Gweon et al. [34] including 607 
women who underwent breast-conserving sur-
gery, had negative mammography and US exami-
nations, and underwent single-round screening 
MRI, 94 (15.5%) MRI examinations were given 
a final assessment category of BI-RADS 3, 23 
(3.8%) BI-RADS 4, and 0 (0%) BI-RADS 5. 
The overall PPV of biopsy was 43.5% (10/23). 
Nearly 92% (557/607) of patients in this study 
had undergone preoperative MRI, which may 
have improved the positive biopsy rate.

In a retrospective review of 130 MRI-guided 
biopsies in 46 women with a PHBC (and no addi-
tional risk factors) versus 81 women with famil-
ial risk only [33], there was a non-significant 
higher malignancy risk in the PHBC group (9/47 
lesions, 19.1%) than the familial risk group (11/83 
lesions, 13.3%). Thus, the pathology results of 
the MRI-guided biopsies were benign in 80.9% 
(38/47) of the PHBC group and 86.7% (72/83) of 
the familial risk group. Given that no significant 
difference was found between the two groups, 
the authors called into question the assumption 
that screening women at lower risk might result 
in an increased frequency of false- positive biopsy 
results. Similarly, in the study by Destounis et al. 
[38], 22 percutaneous and surgical biopsies were 
performed in women with a personal history of 
premenopausal breast cancer, 7 of which demon-
strated malignancy (7/22, 31.8%). By compari-
son, 33 biopsies were performed in women with a 
personal history of premenopausal breast cancer 
plus family history, 8 of which revealed malig-
nancy (8/33, 24.2%).

In the study by Elmore and Margenthaler 
[31] including 141 women who underwent 202 
surveillance breast MRI examinations follow-
ing curative-intent treatment for breast cancer, 
6 biopsies were performed, 2 of which revealed 

invasive breast cancers (for a PPV of biopsy 
of 33.3%). Brennan et  al. [30] reported that 
30.6% (44/144) of their previously treated can-
cer patients who underwent screening MRI had 
findings prompting biopsy, with a range of one 
to five biopsies performed per patient and 27.9% 
(17/61) of total biopsies with malignant pathol-
ogy. In addition, 40.3% (58/144) of their patients 
underwent short-term follow-up studies.

In a study from the Breast Cancer Surveillance 
Consortium on breast biopsy intensity and find-
ings following screening mammography and 
screening MRI in women with and without a 
PHBC [45], the authors reported that women 
with and without a PHBC who undergo screening 
MRI experience higher biopsy rates and lower 
cancer yield from biopsy, compared with screen-
ing mammography alone. The higher biopsy rates 
and lower cancer yield following MRI were not 
explained by age or 5-year breast cancer risk. The 
authors concluded that further work is needed to 
identify women who would benefit from screen-
ing MRI in order to ensure an acceptable benefit-
to-harm ratio.

21.3.4  Summary of the Evidence 
on Screening MRI in Women 
with a PHBC

Table 21.1 summarizes the main characteristics 
of the above cited articles, with a sample size 
ranging from 46 [33] to 1,044 [44] women and 
46 [33] to 2,065 [40] examinations, for a total of 
5,428 women and 7,752 examinations.

The studies have been pooled together using 
meta-analytic methods; one study [35] was 
excluded, as the relevant performance metrics 
were not reported. For each of the three indices of 
diagnostic performance discussed (cancer detec-
tion rate, sensitivity, and PPV of biopsy prompted 
by MRI), we report below (1) a forest plot, show-
ing the among-study heterogeneity (I2 statistics, 
considered as substantial when larger than 50%) 
together with the pooled estimation obtained 
with either the fixed-effect or the random-effect 
models, and (2) a funnel plot, providing a visual 
inspection of the risk of publication bias together 
with the Egger test for significance.
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Cancer detection rate. The cancer detection 
rate was provided by 12 of the 14 studies [31, 
32, 34, 36–44]. It showed substantial heteroge-
neity (I2  =  71%) among studies, ranging from 
3 per 1,000 examinations [44] to 48 per 1,000 
examinations [38]. The forest plot is shown in 
Fig.  21.8a, reporting a pooled estimation of 14 

per 1,000 examinations (95% CI, 10 per 1,000 
to 21 per 1,000) obtained using the random-
effect model. At visual inspection, the funnel plot 
(Fig. 21.8b) does not show any risk of publication 
bias, as confirmed by the Egger test (p = 0.398). 
For comparison, based on a review article about 
the role of MRI in breast cancer screening, the 
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Fig. 21.8 (a) Forest plot of 12 studies on the cancer 
detection rate by screening MRI in women with a 
PHBC. Data are substantially heterogeneous (I2 = 71%). 
Using the random-effect model, the pooled estimation is 
14 per 1,000 examinations (95% CI, 10 per 1,000 to 21 

per 1,000). (b) Funnel plot of 12 studies on the cancer 
detection rate by screening MRI in women with a PHBC. 
It shows low risk of publication bias, as confirmed by the 
Egger test (p = 0.398)
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cancer yield from MRI alone in women at high 
risk for breast cancer according to ACS and 
NCCN guidelines averaged 22 cancers per every 
1,000 women screened [46].

Sensitivity. Sensitivity of MRI in this setting 
was reported in 8 of 14 studies [30, 32, 34, 37, 
39–41, 44]. It showed no heterogeneity (I2 = 0%) 
among studies, ranging from 75% [32, 44] to 

100% [30]. The forest plot is shown in Fig. 21.9a, 
reporting a pooled estimation of 84% (95% CI, 
74–90%) obtained using the fixed-effect model. 
At visual inspection, the funnel plot (Fig. 21.9b) 
does not show any risk of publication bias, as 
confirmed by the Egger test (p  =  0.362). For 
comparison, based on a review article about the 
role of MRI in breast cancer screening, the sen-
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Fig. 21.9 (a) Forest plot of eight studies on the sensitiv-
ity of screening MRI in women with a PHBC. Data show 
no heterogeneity (I2 = 0%). Using the fixed- effect model, 
the pooled estimation is 84% (95% CI, 74–90%). (b) 

Funnel plot of eight studies on the sensitivity of screening 
MRI in women with a PHBC. It shows low risk of publi-
cation bias, as confirmed by the Egger test (p = 0.362)
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sitivity of screening MRI in women at high risk 
for breast cancer according to ACS and NCCN 
guidelines ranges from 71% to 100% [46]. The 
suggested sensitivity benchmark for screening 
MRI in the fifth edition of the BI-RADS Atlas is 
greater than 80% [47].

Positive predictive value of biopsy prompted by 
MRI. The PPV of biopsy prompted by MRI in this 
setting was reported in 13 of 14 studies [30–34, 
37–44]. It showed no heterogeneity (I2  =  0%) 
among studies, ranging from 10% [43] to 44% 
[34]. The forest plot is shown in Fig.  21.10a, 
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Fig. 21.10 (a) Forest plot of 13 studies on the positive 
predictive value of biopsy prompted by MRI in women 
with a PHBC.  Data show no heterogeneity (I2 = 0%). 
Using the fixed-effect model, the pooled estimation is 

28% (95% CI, 24–33%). (b) Funnel plot of 13 studies on 
the positive predictive value of biopsy prompted by MRI 
in women with a PHBC. It shows low risk of publication 
bias, as confirmed by the Egger test (p = 0.541)
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reporting a pooled estimation of 28% (95% CI, 
24–33%) obtained using the fixed-effect model. 
At visual inspection, the funnel plot (Fig. 21.10b) 
does not show any risk of publication bias, as 
confirmed by the Egger test (p = 0.541). For com-
parison, the PPV in women at high risk for breast 
cancer according to ACS and NCCN guidelines 
ranges from 17% to 89% [46]. The suggested PPV 
benchmark for screening MRI in the fifth edition 
of the BI-RADS Atlas is 20% to 50% [47].

21.4  Future Research on Specific 
Subgroups of Women

Preliminary research suggests that certain sub-
groups of women with a PHBC would most 
benefit from MRI surveillance, and surveillance 
regimens could thus be tailored to a woman’s 
individual second breast cancer risk [48]. In 
the study by Gweon et  al. (with women who 
were treated with breast-conserving surgery, 
had negative mammography and US examina-
tions, and underwent subsequent screening MRI) 
[34], independent factors associated with MRI- 
detected cancers at multivariate logistic regres-
sion analysis were age younger than 50 at first 
diagnosis and interval between initial surgery 
and screening MRI longer than 24  months. An 
analytic model also suggested that all women 
treated with breast-conserving surgery and with a 
first diagnosis at or before age 50 would meet the 
20% threshold of lifetime risk prompting surveil-
lance MRI [49].

In a retrospective review of women with a 
PHBC, personal history of a high-risk lesion, 
and/or dense breasts who did not qualify for the 
provincial high-risk screening program [50], 
annual screening MRI detected 15 cancers, all 
but 1 of which was mammographically occult, 
for a cancer detection rate of 56.4 per 1,000 
 examinations (15/266). The authors suggested 
that screening MRI should be considered in 
women with a combination of these risk fac-
tors, particularly if they have a family history 
of breast cancer and are not on anti-estrogen 
therapy [50].

In a study from the Breast Cancer Surveillance 
Consortium [51], the risk of interval invasive 

second breast cancers was highest in women 
younger than 40 years of age at first breast cancer 
diagnosis, those with extremely dense breasts, 
those with a first-degree family history of breast 
cancer, and those treated with lumpectomy 
without radiation. Lee et al. [52], also from the 
Breast Cancer Surveillance Consortium, found 
that independent predictors of interval invasive 
second breast cancers included grade II primary 
breast cancer, treatment with lumpectomy with-
out radiation, interval primary breast cancer pre-
sentation, and heterogeneously dense breasts on 
mammography. The authors suggested that selec-
tive application of supplemental screening, such 
as with MRI, in patients with the aforementioned 
risk factors could reduce interval invasive second 
breast cancers [52].

In a study among non-mutation carriers with a 
PHBC, the risk of developing contralateral breast 
cancer was associated with a family history of 
breast cancer, particularly for women less than 
45 years of age with first-degree relatives affected 
at young ages or with first-degree relatives with 
bilateral disease [16]. A statistical model for 
contralateral breast cancer risk in women with 
a PHBC, developed using information from the 
Breast Cancer Surveillance Consortium and 
Surveillance, Epidemiology, and End Results 
databases, found that factors such as age at first 
breast cancer diagnosis, family history of breast 
cancer, and breast density were significantly 
associated with contralateral breast cancer [53]. 
Tumor receptor status of a patient’s first breast 
cancer has also been correlated with the risk of 
new or recurrent breast cancer [54, 55].

Further research is needed to define popu-
lations most likely to benefit from screening 
MRI.  At this time, practices vary widely, with 
some centers basing surveillance decisions on 
young age, increased breast density, and/or mam-
mographically occult primary cancer, and others 
emphasizing future risk of breast cancer events 
[56]. In addition, while studies have found MRI 
to be cost-effective in patients with BRCA muta-
tions and in other high-risk women [57, 58], the 
cost-effectiveness of MRI surveillance in patients 
with a PHBC, in the absence of BRCA mutations 
or other high-risk characteristics, has not been 
similarly described.
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21.5  Challenges of Access 
to and Health System 
Coverage of Screening MRI

There is wide variation by practices with regard 
to which women are recommended to undergo 
MRI surveillance. In addition, there is overall low 
engagement in screening MRI among all women 
at increased risk for breast cancer. Data collected 
from five national Breast Cancer Surveillance 
Consortium registries showed that, over a 5-year 
period, less than 5% of women with greater than 
20% lifetime breast cancer risk underwent screen-
ing MRI [59]. In a prospective cohort of 64,659 
women presenting for mammographic screening 
at a single high-volume clinic, less than 15% of 
women with a lifetime risk of or greater than 20% 
underwent screening MRI within 1 year, despite 
a written recommendation by the radiologist 
[60]. Reasons for refusal include claustropho-
bia, time and financial concerns, a physician that 
would not provide referral or did not believe MRI 
was indicated, and lack of patient interest [61]. 
An additional reason could be lack of availabil-
ity of MRI facilities outside of urban areas [59]. 
Moreover, not all insurers reimburse for breast 
MRI, even when it is recommended by the ACS 
(such as for women with a lifetime breast cancer 
risk of approximately 20–25% or greater). In a 
multi-site clinical trial in the United States study-
ing women at intermediate or high risk for breast 
cancer, participating centers received no payment 
or only a partial payment (up to $500) for 48% 
of MRI examinations that were initially billed to 
insurance [61]. Women without insurance could 
be billed more than $2,000 for an examination, 
and additional costs could arise from follow-
up MRI examinations or MRI-guided biopsies. 
Although costs are lower in Europe, coverage 
varies across countries, and access to screening 
MRI remains a global challenge [62].

21.6  Conclusions

Women with a PHBC are at increased risk for 
future breast cancer events, and the early detec-
tion of recurrence significantly improves long- 

term survival, thus warranting surveillance in 
this patient population. Current guidelines by 
the ACS and NCCN recommend neither for or 
against screening MRI in women with a PHBC 
due to insufficient evidence regarding the risk-
to- benefit ratio. However, since those guidelines 
were issued, several studies have demonstrated 
that women with a PHBC may be appropriate 
candidates for MRI surveillance in view of the 
high detection rate for small node-negative inva-
sive cancers and the acceptable PPV of biopsy. 
Breast cancer patients face challenging decisions 
related not only to treatment but also to methods 
for post-treatment surveillance, and evidence 
about the benefits and harms of screening MRI 
can inform decision-making regarding effective 
options for surveillance.

Further research on the role of screening MRI 
in women with a PHBC will require creative strat-
egies for study design, data collection, and data 
sharing. Given the potential advantage of adding 
MRI to mammography in high-risk groups, tradi-
tional study designs with randomization may be 
problematic (see Chap. 15). Study design strat-
egies that make use of surrogate markers and 
historic controls may be more practical and fea-
sible. Multicenter studies could allow for more 
efficient data accumulation in this specific popu-
lation. An international cooperation is also desir-
able for meta-analyses that could bring a higher 
level of evidence to the breast cancer specialist 
community.
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Abbreviations

ACS American Cancer Society
ADH Atypical ductal hyperplasia
ALH Atypical lobular hyperplasia
DCIS Ductal carcinoma in situ
EUSOBI European Society of Breast Imaging
IARC International Agency for Research 

on Cancer
LCIS Lobular carcinoma in situ
LN Lobular neoplasia
MRI Magnetic resonance imaging
US Ultrasound, ultrasonography

22.1  Introduction

Contrast-enhanced magnetic resonance imaging 
(MRI) has proven to be the most sensitive imag-
ing modality for detecting breast cancer in women 
at high risk. First evidence is emerging, which 
indicates that in women with BRCA1 or BRCA2 
mutation, survival may be improved by intensi-
fied screening with MRI and mammography [1]. 
While, even for women at high risk, conclusive 

data on mortality reduction are lacking so far, the 
much higher sensitivity of intensified screening 
compared to mammography alone or to mam-
mography and ultrasonography (US) has been 
the reason for scientific societies and guideline 
development groups, such as the International 
Agency for Research on Cancer (IARC) of the 
World Health Organization, the American Cancer 
Society (ACS), or the European Society of Breast 
Imaging (EUSOBI), to recommend the use of 
contrast-enhanced breast MRI for surveillance of 
high-risk women [2–5]. For women at intermedi-
ate risk, data is even more limited, and the above-
mentioned international committees so far do not 
support this indication for MRI screening [2–5].

Thus, to date, mammography screening 
(sometimes supplemented by US) remains the 
only method with a proven effect on mortality 
reduction and the only recommended method. 
Limitations of mammography screening are, 
however, known. They become apparent from 
those cancers which in regular participants 
of mammography screening are detected at 
late stages and/or during the interval. It is also 
known that the percentage of late stages among 
a screened population inversely correlates with 
the mortality reduction that can be achieved [6]. 
The main factors which may influence both stage 
distribution at detection and interval cancer rate 
include length of the interval [7], tissue density 
[8], and the screening method itself.
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In this context, testing MRI screening in 
women at intermediate risk is a research topic of 
great interest, since MRI is known to be the most 
sensitive screening modality and thus promises to 
optimally complement present imperfect screen-
ing schemes. This chapter will give an overview 
of definitions, existing results, as well as pros and 
cons of MRI screening in this subset of women, 
according to the present knowledge.

22.2  Definition of Risk 
and Intermediate Risk 
and the Role 
of Mammographic Density

Intermediate risk of breast cancer is defined as 
a risk exceeding a 15% lifetime risk of being 
affected by breast cancer. For comparison, con-
sider that the average lifetime risk of women in 
industrialized countries to date ranges around 
12%, which is approximately equal to one 
affected woman out of eight.

As expected, the upper limit of the intermedi-
ate risk corresponds to the lower limit of “high 
risk.” However, the threshold for transition from 
intermediate to high risk differs between coun-
tries. Most European countries and programs 
consider a lifetime risk of 30% as the upper limit 
of “intermediate risk.” In the United States, usu-
ally a much lower threshold of 20% is used (see 
Chap. 16 on guidelines). Thus, depending on 
the definition, 15–25% of the female population 
might belong to the intermediate-risk subset.

The definition of risk is not trivial. Reasons 
include significant discrepancies between the 
existing models for risk calculation and limited 
population data, on which models can be built. 
Thus, to date, the predictive capability of all 
existing models is quite moderate.

The best risk prediction is achieved for pre-
dicting whether a woman carries a BRCA1 or a 
BRCA2 deleterious mutation. This risk is, how-
ever, not useful for assessing intermediate risk. 
Many publications are based on the so-called 
Gail model [9], which today is mostly consid-
ered to yield limited accuracy of risk classifica-
tion. More accurate models like the Tyrer-Cuzick 

[10], however, require additional data such as 
body mass index, family history, individual his-
tory of breast cancer, and previously biopsy-
proven atypical ductal hyperplasia (ADH) or 
lobular carcinoma in situ (LCIS), which informa-
tion often is not available. Additional informa-
tion on mammographic density has been shown 
to further slightly increase the accuracy of these 
models [10]. However, for most women at low 
to intermediate risk, the area under the curve 
at receiver operating characteristic analysis of 
these risk models only ranges around 0.5 to 0.6 
[9]. Summarizing, risk prediction of all mod-
els is so far unreliable. Different risks may be 
calculated for the same woman when different 
models are used, and the different models select 
different groups of women. Thus, optimization 
of existing models still is a subject of research. 
Improvements are expected from texture analysis 
and so-called deep learning from direct analysis 
of raw data [11].

Overall, the group of women at intermediate 
risk is quite heterogeneous. It mainly comprises 
women with:

 (a) Personal history of breast cancer or invasive 
or ductal carcinoma in situ (DCIS)

 (b) Biopsy-proven ADH, LCIS, atypical lobular 
hyperplasia (ALH), or other so-called “risk 
lesions,” which confer an increased risk for 
breast cancer

 (c) Family risk of breast cancer (based on the 
number of first-, second-, or third-degree 
relatives affected by breast or ovarian cancer, 
the age at detection, and the number of unaf-
fected family members) lower than that 
defined as high risk

Studies concerning the use of MRI in the 
first group of women were treated in the previ-
ous Chap. 21 and will not be considered in this 
chapter.

Mammographic breast density has also been 
proposed as one further independent factor of 
breast cancer risk. Its role as a risk indicator, 
however, is mostly overestimated. The reason is 
that many scientists falsely refer to a factor that 
is calculated from the fraction of risk of women 
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belonging to the highest breast density class1 
(class 4 or d) to that of women at age 40 belong-
ing to the lowest one (class 1 or a), which accord-
ing to the American College of Radiology (ACR) 
Breast Imaging Reporting and Data System 
(BI-RADS) is a rare condition.

Overall both density class 1 (or a) and density 
class 4 (or d) occur in only 5–10% of women aged 
40–69  years. Considering that 80–85% women 
have a breast density class 2 or 3 (b or c), the risk 
of an average breast should correctly be consid-
ered as the reference value, not the rare condi-
tion of a 40-year-old woman with little glandular 
tissue. Compared to the “normal” condition (tis-
sue density class 2 or 3 or b or c), however, the 
risk associated with density class 4 (or d) only 
increases by a factor between 1.2 and 1.4. Taking 
this into account and the large inter- and intra-
observer variations of visual density assessment 
[8], particularly in the normal population with 
density class 2 or 3 (b or c), it becomes under-
standable why mammographic breast density has 
not proven to be a “strong” indicator of risk in 
most multivariate statistical analyses.

However, density is an acknowledged factor that 
indicates the risk of masking. Masking describes 
the fact that cancers which do not contain micro-
calcifications (approximately 50–70% of breast 
cancers) might partly be hidden by surrounding tis-
sue depending on the distribution of the surround-
ing tissue and its overall volume, the location, size 
and the morphology of the lesion itself. The risk 
of masking correlates with the risk of experiencing 
an interval cancer, which increases with increasing 
mammographic density [12, 13].

22.3  MRI Screening Studies 
in Women at Intermediate 
Risk

Published data on MRI screening at intermediate 
risk largely include patients examined by state- 
of- the-art contrast-enhanced MRI. Examinations 

1 Most data are based on ACR classifications 1–4. The 
modified ACR classifications a–d was issued in 2013 by 
the American College of Radiology (acr.org).

were performed at 1.5 T, using three-dimensional 
dynamic fast gradient-echo sequences, which are 
applied before and several times after intravenous 
injection of a gadolinium-based contrast agent. 
Each sequence takes about 1–2 min, and a time 
period of 6–10 min after injection is usually cov-
ered. Of note, data before 2006 may have included 
slower pulse sequences that, combined with less 
developed algorithms for image interpretation, 
may have led to a somewhat lower specificity in 
the early studies (the reader can find an extended 
discussion about specificity of MRI in Chap. 3).

The comparisons of the existing studies usu-
ally imply a comparison between MRI plus con-
ventional imaging (MRI group) and conventional 
imaging alone (non-MRI group).

We will discuss the topic for the following risk 
groups:

 1. Women with biopsy-proven ADH, LCIS, 
ALH, or other so-called risk lesions

 2. Women with an intermediate family risk of 
breast cancer

 3. Women with dense tissue at elevated risk

22.3.1  MRI for Screening Women 
with a Previous Diagnosis 
of ADH or Other Risk Lesions

These lesions belong to a group of pathologi-
cal entities classified as “benign but of unknown 
malignant potential.”

ADH is histologically a borderline breast lesion 
that shows cellular changes similar to low- grade 
DCIS but concerns a very small volume of tis-
sue. LCIS and ALH, are often considered together 
using the term lobular neoplasia (LN). They repre-
sent lobular proliferations with absence of e-cad-
herin staining. Both entities are often multifocal 
(60–85%) or bilateral (30–67%). They are non- 
obligate precursors of breast cancer. Both ADH 
and LCIS (LN) are associated with an increased 
risk of developing breast cancer also in the other 
quadrants of the same breast or in the contralateral 
breast, a risk that is more pronounced for ADH 
than for LCIS, but always lower than that con-
ferred by a previous diagnosis of DCIS. However, 
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among the lesions with unknown biological poten-
tial, ADH and LCIS carry a higher risk than that 
conferred by the other entities. Cancer rates associ-
ated with an ADH or LCIS diagnosis are reported 
to be increased by a factor of 2–5 compared to the 
normal population [14–16]. Thus, depending on 
other risk factors, women with ADH or LCIS may 
have an intermediate to high risk of being affected 
by breast cancer.

On mammography, ADH is mostly associated 
with microcalcifications but may occur in soft 
tissue densities and coexist with other benign 
or borderline changes. On MRI, ADH is mostly 
an incidental finding in biopsies performed for 
enhancing benign lesions such as adenosis, 
fibroadenomas, papillomas, etc. An example of 
incidental ADH is shown in Fig. 22.1. The per-
centage of non-enhancing ADH is unknown.

According to Mara H.  Rendi and coworkers 
[17], most cases of LN are detected by mammogra-
phy, since they are incidentally detected histopatho-
logically close to microcalcifications (even though 
LN as pathological finding associated with micro-
calcifications is less frequent than ADH). If micro-
calcifications are associated, this mostly indicates 
a higher histopathological grade and increased risk 
of breast cancer. On MRI, LN is, like ADH, mostly 
associated with non-mass or mass enhancement. 
Neither for ADH nor for LN, any specific enhance-
ment dynamics have been described. An example 
of an incidental MRI-detected LCIS is shown in 
Fig.  22.2. Overall, the frequency of ADH or LN 
in MRI-guided biopsies performed for enhancing 
changes is comparable to their frequency among 
lesions undergoing mammography- guided biop-
sies for microcalcifications [18].

a b

Fig. 22.1 A round 5-mm enhancing lesion was detected 
in a 58-year-old lady at 6 o’clock. The lady underwent 
preoperative MRI, since a breast cancer (without micro-
calcifications) had been confirmed within the very dense 
tissue in the same breast at 2 o’clock. Her mother had 
probably been affected by an ovarian or a stomach cancer 
at age 40. An early subtraction image obtained 1 min after 
injection of a Gd chelate (a) and a later subtraction image 
(b) obtained 4 min after injection show the plateau-type 
enhancement of this focal round lesion. Since no sono-

graphic or mammographic correlate existed, MRI-guided 
vacuum-assisted breast biopsy was performed and proved 
to be focal ADH (surrounded by benign changes with pro-
gressive enhancement). The patient eventually underwent 
mastectomy and reconstruction, since further foci in other 
quadrants proved to be DCIS. Based on the imaging char-
acteristics, this focus of ADH could not be distinguished 
from a small malignancy or from other benign focal 
lesions such as papillomas or fibroadenomas
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So far five studies have been published con-
cerning MRI screening in women with biopsy- 
proven LCIS or ADH [19–23]. All these studies 
are retrospective evaluations.

The first published study on this subject by 
Elisa Rush Port and coworkers [19] is a retro-
spective evaluation of surveillance in women 
with a previous diagnosis of LCIS or atypical 
hyperplasia. The authors report the results of 
MRI surveillance (in addition to mammogra-
phy) with 478 examinations in 182 women from 
April 1999 to July 2005 and compare them with 
the results in 196 women who underwent usual 
surveillance with yearly mammography and 
clinical breast examination (no US) as a control 
group. Notably, those who had MRI were sig-
nificantly younger with a significantly stronger 
family history of breast cancer. For the MRI 
group, they report 6 MRI-detected malignan-
cies (corresponding to a detection rate of 1.2% 
cancers in 478 examinations). They mention 

that none of the six cancers was visible on a 
“recent” mammogram. However, the time span 
between the MRI and the recent mammogram is 
not exactly indicated. Furthermore, they report 
two interval cancers (stages I and II) in the MRI 
group. In the control group of 196 women only 
examined by mammography and clinical breast 
examination, 8 screen-detected cancers and no 
interval cancers were reported. Thus the detec-
tion rates between these two groups did not 
differ significantly. Two DCIS were seen only 
in the MRI group. For the invasive cancers, 
no significant difference existed concerning 
stage at detection. Screening MRI was associ-
ated with a high biopsy rate of 11.5%, and in 
9.6% of the women, biopsies were initiated by 
MRI only. After 5 years, on average, 25% of the 
women undergoing MR screening had received 
a recommendation for biopsy, and 48% of the 
women had once received a recommendation 
for short-term follow-up.

a b

Fig. 22.2 This 49-year-old lady with a family history of 
one premenopausal breast cancer (aunt) underwent MRI 
to assess a questionable abnormality within very dense 
breast tissue, which had been noted mammographically in 
a different quadrant of the same breast. This index lesion 
eventually turned out benign. Incidentally, however, the 
here shown small lobulated 7-mm lesion was detected in 
the patient’s left upper inner quadrant. Comparing the 
early subtraction image at minute 1 (a) and a late subtrac-
tion image at minute 4 (b), it exhibits a delayed enhance-

ment. Due to its morphology and absence of any 
mammographic or US correlating lesion, MRI-guided 
vacuum-biopsy was performed to assess this delayed 
enhancing focal lesion. Histology proved a focal area of 
classical LCIS. Excision proved further very small areas 
of LCIS in the surroundings, which were occult by all 
imaging modalities. Further MRI surveillance for over 
3 years has not shown any further significant change or 
sign of malignancy
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Lauren C.  Friedlander and coworkers [20] 
reported on 133 women with LCIS, who had 
undergone 307 MRI studies from 1996 to 2009 
and whose data were evaluated retrospectively. 
They detected 5 cancers in 307 examinations 
(1.7%). In these women, 27 biopsies (8.8% of the 
examinations) were recommended immediately 
plus another 2 biopsies after short-term follow-
 up, resulting in 29 biopsies in 307 examinations 
(9.4%). Short-term follow-up was recommended 
in another 8.8% of women. This retrospective 
study had no control group and includes no com-
parison with conventional imaging.

Janice S. Sung and coworkers [21] reported 
retrospective results of 670 MRI screening 
examinations in 220 women with a previous 
diagnosis of LCIS. No control group was avail-
able. In these women, MRI and mammography 
were mostly performed in a somewhat inter-
leaved scheme, and the intervals before MRI 
and those before mammography were not pro-
vided. Thus, the superior cancer yield of MRI 
(12 cancers detected in 670 examinations, 1.8%) 
compared to that of mammography (5  in 670, 
respectively, 0.7%) is somehow difficult to inter-
pret. Biopsy was immediately recommended 
after MRI in 60/670 (8.9%) of the examinations 
and in an additional 8 cases (1.2%) at follow-
up. Furthermore 6-month follow- up was recom-
mended after MRI at least once in 108 studies 
(16%). The overall number of follow-up MRI 
studies amounted to 170 (25.4%) examinations. 
The biopsy rate reported for mammography was 
only 3.9% (26/670).

Theresa Schwartz and coworkers [22] retro-
spectively evaluated 62 screening MRI studies 
in 48 women with a previous diagnosis of LCIS 
and 180 screening MRI studies in 131 women 
with a previous diagnosis of atypia. No control 
group was available for evaluation. Also, no 
information is given on additional imaging in 
these patients. The authors report a cancer yield 
of 1/62 (1.6%) for the LCIS group and of 2/180 
(1.1%) for the atypia group. In the LCIS group, 
the biopsy rate was 5/62 (8.1%); in the atypia 
group, the biopsy rate was 14/180 (7.8%). The 

positive predictive value of biopsy was 20% in 
the LCIS group and 14% in the atypia group. 
No information is given on recommendations of 
short-term follow-up.

Tari A.  King and coworkers [23] retrospec-
tively analyzed the results of 455 patients with 
histology-proven LCIS, who had undergone MRI 
screening (in addition to conventional imaging), 
as compared to 321 patients monitored by conven-
tional imaging alone. After a median  follow- up of 
58 months, they report a comparable cancer detec-
tion in the MRI group (61/455 = 13.4%) as com-
pared to the non-MRI group (43/321 = 13.4%). 
The number of the examinations is not indicated. 
During the follow-up time, they report a much 
higher number of biopsies in the MRI group 
(293 biopsies in 455 women with 157 biopsies 
only MRI-initiated) as compared to the non-MRI 
group (47 biopsies in 321 women with 41 biopsies 
initiated by mammography). Differences between 
the two groups were identified and concerned age, 
risk, and density. It is unknown to which degree 
these differences could influence the results. 
Overall, the authors point out that no significant 
difference was noted for the outcome concerning 
detection rate or stage distribution in both groups; 
however, side effects (due to the high number of 
biopsies of benign lesions) were much higher in 
the MRI group.

22.3.2  MRI Screening of Women 
with Intermediate Family Risk 
of Breast Cancer

A positive family history of breast cancer is 
defined by at least one first- or second-degree 
family member being affected [24]. Based on 
data, which demonstrate a more favorable stage 
distribution among women screened annually 
[7], annual mammographic screening is mostly 
recommended in women with an intermediate 
risk based on family history.

It is worth noting that in several publications 
on MRI screening in high-risk women, a variable 
proportion of women with an intermediate risk 
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have been included. While MRI has proven to 
be very sensitive in women at high risk and par-
ticularly valuable in women with proven BRCA 
gene mutation, we are not aware of any publi-
cation that evaluates performance of MRI versus 
conventional imaging or mammography in any 
 prospectively selected group of women at inter-
mediate risk.

22.3.3  MRI Screening of Women 
with Dense Tissue at Elevated 
Risk

Wendie A. Berg and coworkers [25] reported a 
large prospective study (ACRIN 6666) on 612 
women with a single additional MRI scan. The 
group consisted of 22.9% women at high risk 
(lifetime risk > 25% or mutation carrier or status 
after chest wall radiation), 44.6% women with a 
personal history of breast cancer, 29.9% women 
at intermediate risk (based on Claus or Gail risk 
calculation) with dense or very dense tissue, and 
2.6% women with previous diagnosis of ADH 
or LCIS.

In this mixed group of 612 women, 16 can-
cers were detected (during screening and 1-year 
follow- up). In this (still limited) number of 
women, MRI proved to be much more sensitive 
(100%, 95% confidence interval [CI] 79–100%) 
than the combination of mammography and 
US (44%, 95% CI 20–70%), and the median 
size of invasive cancers detected by MRI only 
(8.5 mm) was smaller than the overall median 
size (12 mm) recorded in the large main study. 
This higher sensitivity of MRI plus mammog-
raphy plus US was, however, associated with a 
much lower specificity (65.4%), as compared 
to mammography plus US (84.4%). Also MRI 
plus mammography plus US was associated 
with a much higher biopsy rate (13.2%) and a 
much higher rate of short-term follow-up rec-
ommendations (19.6%) as compared to mam-
mography plus US, for which a biopsy rate of 
6.2% and a short-term follow-up rate of 4.6% 
were reported.

22.4  Conclusions and Outlook

To date, the database for MRI screening at 
intermediate risk is quite limited. Most studies 
examine mixed populations, which also include 
women at high risk. From these data, it is impos-
sible to separate the results for women at inter-
mediate risk.

One large prospective study [25], which 
included 32.5% women at intermediate risk 
and another 44.6% women with a personal his-
tory of breast cancer and which provides ample 
detailed information, demonstrates a signifi-
cantly improved sensitivity and detection rate 
with the addition of MRI for their mixed popu-
lation. On average invasive tumors appear to be 
detected at smaller sizes (median size 8.5 versus 
12  mm). The observed significant gain of sen-
sitivity was, however, associated with a signifi-
cant loss of specificity, when comparing MRI 
plus mammography plus US with mammogra-
phy plus US. Of note, even though this study is 
large, these results are only based on 16 cancers. 
Considering the limited number of cancers and 
the fact that 22.9% women at high risk (> 25% 
lifetime risk) and another 44.6% women with a 
personal history of breast cancer are included 
in this excellent study with many reported 
details, effects and side effects cannot be exactly 
assigned to any of the above subgroups, such 
as intermediate risk. The study does, however, 
demonstrate that results for women with a per-
sonal history of breast cancer might differ signif-
icantly from women without it. Possibly due to 
the effects of irradiation and anti- hormonal treat-
ment, specificity of MRI proved much better for 
MRI in patients with a personal history of breast 
cancer. However, a possibly life- saving effect of 
MRI (if demonstrable in the future) may eventu-
ally be lower in women with a personal history, 
since survival may strongly be influenced by the 
stage of detection of the first cancer, its progno-
sis, and success of therapy.

Thus, so far for women at intermediate risk 
based on family history and/or breast density, 
still insufficient information is available. Data 
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on selected indications like LCIS and ADH have 
so far been reported in five retrospective studies 
[19–23].

We should note that retrospective studies are, 
almost always, associated with many uncertain-
ties, since they are prone to selection and self- 
selection bias. Patients at increased risk and 
patients with uncharacteristic symptoms may 
select to participate in the study group. Due to 
lacking prospective documentation and due to 
difficult assessment of the exact effect even of 
proven bias on the result, retrospective evalua-
tions should be considered to provide low-level 
evidence. Documented or possible bias concern-
ing MRI versus non-MRI groups includes differ-
ent risk due to different age range, different risk 
assessment (based on family history or individual 
history), and different breast density distribu-
tion (which is usually associated with different 
accuracy of the test method). Additional diagnos-
tic problems or even undocumented symptoms 
might have led to the decision for MRI. Inclusion 
of any symptomatic patients could, in fact, most 
heavily distort the results of any screening study 
due to the very different pre-test probabilities 
among symptomatic and asymptomatic women.

Altogether three of the five retrospective stud-
ies (two without control group) appear to achieve 
similar results [20–22] and agree with the results 
published in the Berg’s prospective study: they 
indicate that additional tumors may be detected 
by the addition of a screening MRI and report the 
detection of small tumors by MRI. Another large 
study with a control group [23], which includes 
parts of a former study [19], reports no signifi-
cant size difference between cancers detected in 
the MRI and the non-MRI group. Also, detec-
tion rates were equal in both groups. All five 
studies report high biopsy rates and (where 
available) high rates of short-term follow-up 
recommendations.

In summary, the database for MRI screen-
ing at intermediate risk is very limited, and the 
achieved level of evidence for MR screening at 
intermediate risk is low. Considering the high 
rates of false-positive calls and of short-term 

follow-up reported, the available results for MRI 
screening of women at intermediate risk do not 
provide evidence in favor of this indication.

Figures 22.3 and 22.4 show cases in which 
screening MRI prompted MRI-guided proce-
dures of eventually benign changes or multiple 
short-term follow-up examinations.

Before a method can be recommended for 
screening of asymptomatic women (i.e., repeated 
yearly application), several prerequisites should 
be fulfilled to assure an acceptable balance of 
effects and side effects. The main effect expected 
from a screening modality is proof of mortality 
reduction. Neither increased detection nor detec-
tion at small size warrants improved mortality 
reduction. Earlier detection could, as well, just 
result from preponed diagnoses, which might be 
treated as successfully when detected at a some-
what later stage. In order to distinguish between 
potential overdiagnosis and a true life-saving 
effect of early detection, different study types 
than the yet available studies are needed.

Conversely, immediate effects of MRI 
screening are unfortunately obvious. They 
concern high biopsy rates and numerous rec-
ommendations for short-term follow-up. The 
vast majority of these women will have benign 
changes only. Thus, with MRI screening, many 
women will have to deal either with a false-
positive diagnosis leading to biopsy or with an 
uncertain diagnosis, which cannot be resolved 
for many months. Overall, biopsy rates rang-
ing around 10% in the MRI group imply that 
after ten screening rounds, every woman of the 
screened population will on average have expe-
rienced at least one breast biopsy. For short-term 
follow-up recommendations, the numbers are 
even higher. Also, when weighing side effects 
of the examination itself, it must be considered 
that side effects of the contrast agent may be not 
lower than late side effects estimated from the 
small amount of radiation exposure associated 
with digital mammography. Unless mortality 
reduction or improved survival is proven for 
MRI screening, side effects of the abovemen-
tioned range cannot be accepted.
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a b

c d

Fig. 22.3 This 40-year-old lady underwent MRI since 
mammographic and US evaluation was impaired in her 
large breasts with ample nodular breast tissue, also con-
sidering her intermediate risk based on her family history 
(mother and grandmother affected by breast cancer at age 
50 and 55). On MRI, two areas of concern were noted (a, 
b) as segmental enhancement at 10 o‘clock, for which no 
corresponding lesions were found on mammography and 
US. The lesion, which is demonstrated on representative 
subtraction images 1 and 3 min after injection of Gd che-
late, proved to consist of benign papillomatosis and some 

chronic inflammatory changes. In addition, (c, d) a focal 
5-mm ill-circumscribed lesion was found in the upper 
inner quadrant without any mammographic or US corre-
sponding change. On MRI-guided vacuum-assisted breast 
biopsy, the lesion proved to be a flat epithelial atypia, 
which was followed by an additional surgical excision. 
Considering that the segmental enhancement was judged 
a benign condition and that flat epithelial atypia indicates 
some increased risk but eventually is considered a benign 
condition, too, the patient unfortunately underwent sev-
eral procedures for benign conditions only
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a b

c d

Fig. 22.4 This 62-year-old patient underwent MRI sur-
veillance to monitor the multiple nodules visualized by 
mammography and/or US within dense breast tissue 
(BI-RADS class d). A first surgery of a nodule increasing 
in size performed 3 years before had proven to be a papil-
loma. Six months before her examination in 2014, she had 
undergone a second surgery of her right breast after an 
MRI-guided vacuum-assisted breast biopsy had con-
firmed another papilloma, this time with atypias (not 
shown). The first post-surgical MRI demonstrates again 
multiple small nodules (a and b, subtraction images 
obtained 1 and 3  min after injection of contrast agent), 
mostly with plateau-type enhancement, which compared 
to the previous MRI had not changed in size. A BI-RADS 
3 diagnosis was defined and follow-up MRI recommended 
6 months later. The follow-up MRI (b and c, subtraction 
images 1 and 3 min after injection) shows a slice corre-

sponding to that of the preceding study shown in a and b: 
part of the nodules seemed to regress. The nodule close to 
the chest wall appeared slightly more prominent with the 
suggestion of a slight washout. Considering the patient’s 
recent biopsies, absent change of size, multiplicity of the 
nodules, and the fact that benign papillomas may exhibit 
washout curves, another short-term follow-up after 
6 months was recommended. The patient returned for the 
recommended 6-month follow-up study 15 months later. 
At that time the small nodule had increased to a size of 
10 × 6 mm. After intense discussions, it was possible to 
convince the patient of the necessity of another biopsy. It 
eventually yielded the diagnosis of a pT1b G3 invasive 
ductal carcinoma. The case demonstrates the problems 
determined by MRI surveillance with multiple enhancing 
lesions and multiple preceding biopsies of eventually 
benign changes
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Different working groups have reviewed the 
existing scientific evidence of MRI screening of 
women at intermediate risk [2–5]. So far, only 
a guideline issued by the American College of 
Radiologists [26] provides recommendations 
for screening women with contrast-enhanced 
MRI below a 20% lifetime risk. This attitude is 
not commonly shared in Europe or supported by 
interdisciplinary guideline committees. Based on 
the available evidence, their judgment has been 
that present data is insufficient to recommend 
MRI screening in women at intermediate risk. 
The IARC, like the National Comprehensive 
Cancer Network (NCCN) and the Ontario Health 
Technology Assessment (HTA) Report, point out 
that there is proof of high false-positive rates, 
while proof of effect is lacking. Therefore, they 
explicitly neither recommend for nor against use 
of MRI at lifetime risk 15–20% and against the 
use of MRI at lifetime risk < 15% [2, 3, 27, 28]. 
Whether constantly improving technology, new 
pulse sequences, or additional information, such 
as information from diffusion-weighted imaging, 
will allow the important improvements required 
for this indication remains to be seen. An impor-
tant step to adequate testing is the initiation of 
randomized controlled trials. Such studies have 
just been started, as reported by two Dutch groups 
[29, 30] and one Italian group [31].

It may be hoped that future progress associ-
ated with appropriate study types, as mentioned 
above, will help to answer the remaining gaps in 
this field.
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ABUS Automated breast ultrasound
AI Artificial intelligence
BC Breast cancer
BDCT  Breast-dedicated computed tomog- 

raphy
BI-RADS  Breast Imaging Reporting and 

Data System
CE-MRI  Contrast-enhanced magnetic reso-

nance imaging
CEM  Contrast-enhanced mammography
CI Confidence interval
DBT Digital breast tomosynthesis
DCIS Ductal carcinoma in situ
DWI Diffusion-weighted imaging
ER Estrogen receptor
HER2  Human epidermal growth factor 

receptor 2
HHUS Hand-held ultrasound

MRI Magnetic resonance imaging
OR Odds ratio
PPV Positive predictive value
ROC-AUC  Area under the curve at receiver 

operating characteristics analysis

23.1  Introduction

It is very hard to predict, especially the future. 
This amusing remark is attributed not only to 
Niels Bohr [1] but also to many others, among 
them Samuel Goldwyn, Karl K. Steincke, Robert 
Storm Petersen, Yogi Berra, Mark Twain, and 
… Nostradamus [2]. In addition, we should also 
consider the role of serendipity in biomedicine 
discoveries and innovations [3], including x-rays 
by Wilhelm C.  Roentgen (Table  23.1). Thus, 
we cannot exclude that currently unpredictable 
events may dramatically change the scenario of 
breast cancer (BC) screening in high-risk women 
and the use of magnetic resonance imaging 
(MRI) for this aim.

However, limiting the timeframe to the next 
future (not beyond one or two decades), some 
hypotheses can be outlined. We will begin with 
a preliminary basic issue regarding the current 
practice and will then outline four major trends.

The preliminary issue regards the substan-
tial underutilization of breast MRI for high-
risk screening. This failure is related to the 
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 organizational context. On one side, we hope 
that, at least in Europe and in other countries 
where organized population-based screening 
programs are activated, MRI screening will 
be integrated in those programs, as already 
demonstrated to be feasible in some regions 
of Canada and in the United Kingdom. This 
will allow the adoption of the best practices 
of inviting (high-risk) women on a territorial 
basis, of quality control, of double reading (if 
necessary), as well as of all the organizational 
matters typical of a population- based screen-
ing program, under the umbrella of the breast 
units.

The first trend to consider is the increasing 
effectiveness of systemic therapies, especially 
those including both chemotherapeutic drugs and 
targeted treatments. The question here, not only 
for women at increased risk but also for those at 
average (difficult to say “normal”) risk, derives 
from the following obvious statement: in a theo-
retical model, a break-even point can be hypoth-
esized when the advantages of early diagnosis by 
screening are nullified by the increasing efficacy 
of therapies. Can we hypothesize this in the next 
future, for high-risk women?

Second, we will outline a group of innovative 
approaches potentially competing with contrast- 
enhanced MRI (CE-MRI) to screen high-risk 
women outside the field of medical imaging, 
including not only the detection of circulating 
tumor cells, nucleic acids, proteins, etc. (the 
liquid biopsy perspective) but also intriguing 
technologies such as the smart bras. These pos-
sibilities would not substitute for breast imaging 
but would place it as a second step after a first 
positive test. The second step would be breast 
imaging, with MRI and contrast-enhanced breast 
imaging (MRI or dual-energy mammography; 
see below) as the best candidate for localizing the 
tumor. Of course, these hypotheses are not lim-
ited to high-risk women.

A third trend is the competition coming from 
non-MRI-based imaging methods such as digital 
breast tomosynthesis (DBT), automated breast 
ultrasound (ABUS), contrast-enhanced mam-
mography (CEM), breast-dedicated computed 
tomography (BDCT), and optical imaging.

Fourth, we will consider new approaches 
from inside MRI, such as abbreviated contrast- 
enhanced protocols as well as unenhanced pro-
tocols, especially diffusion-weighted imaging 
(DWI).

Finally, we will draw some conclusive consid-
erations, also evaluating the potential impact of 
artificial intelligence (AI) on the field of breast 
imaging.

23.2  Underutilization of High- 
Risk MRI Screening 
and Organizational Issues

More than 20  years after the identification of 
BRCA gene mutations and 30  years after the 
introduction of CE-MRI, evidence has been accu-
mulated in favor of MRI-including screening pro-
grams for high-risk women. In some conditions, 
especially for BRCA1 mutation carriers, MRI 
alone can be proposed. Importantly, in the case of 
previous chest radiation therapy, mammography 
as an adjunct to MRI is always  recommended, 
as a high incidence of ductal carcinoma in situ 
(DCIS) with microcalcifications and low neoan-
giogenesis limits the MRI sensitivity.

Table 23.1 Twelve accidental key discoveries/innova-
tions in biomedicine

Year Discovery/innovation Scientist(s)
1676 Protozoa and bacteria Antonie van 

Leeuwenhoek
1799 Nitrous oxide Humphry Davy
1796 Vaccination Edward Jenner
1881 Selective culture of 

bacteria
Robert Koch

1895 X-rays Wilhelm C. Roentgen
1928 Penicillin Alexander Fleming
1889 Pancreas role in diabetes Oskar Minkowski 

and Joseph von 
Mering

1940 Warfarin Karl P. Link and 
Mark A. Stahmann

1949 Intraocular lens Harold Ridley
1959 Benzodiazepines Leo Sternbach
1963 Percutaneous 

transluminal angioplasty
Charles Dotter

1982 Helicobacter pylori in 
gastritis and peptic ulcer

Barry Marshall and 
Robin Warren

Source: Rourke S. 12 Key Accidental Discoveries in 
Medicine (2017) Medscape. https://www. medscape.
com/slideshow/accidental-discoveries- 6008976#13 [3]
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Notwithstanding the body of evidence in favor 
of MRI screening in high-risk women, the access 
of these women to breast MRI has so far been 
quite limited. Mary C. White and coworkers [4] 
reported on factors associated with breast MRI 
use among women with a family BC history 
in the United States. A total of 17,894 women 
participating in the Sister Study cohort, never 
diagnosed with BC, with at least one sister diag-
nosed with BC were interviewed. Breast MRI 
was reported by 16.1% and was more common 
among younger women and those with higher 
incomes. Ever use of breast MRI was associated 
with actual or perceived intermediate or high 
risk. However, use of breast MRI was reported 
only by 25% of women with BC risk ≥ 20%, by 
33% of women who had a BRCA1/2 positive test 
in the family, and by 71% of women who resulted 
to be BRCA1/2 mutation carriers. The authors’ 
comment was the following: “To support shared 
decisions about the use of breast MRI, women 
could benefit from improved understanding of 
the chances of getting BC and increased quality 
of provider communications.”

The underutilization of breast MRI screen-
ing among high-risk women has been high-
lighted also by data from 86 Breast Cancer 
Surveillance Consortium facilities during calen-
dar year 2012  in the United States [5]. Overall, 
43.9% (2,403/5,468) of women at high lifetime 
risk attended a facility with on-site breast MRI 
screening availability. But only 6.6% of them 
(158/2,403) obtained breast MRI screening 
within a 2-year window of their screening mam-
mogram. Patient factors significantly associated 
with on- site MRI screening use included age 
below 40 (odds ratio [OR] 2.39), family history 
(OR 1.72), prior breast biopsy (OR 2.09), and 
postsecondary education (OR 2.22). The conclu-
sion was that supplemental breast MRI remains 
widely underutilized among those who may ben-
efit from earlier cancer detection.

Still from the Breast Cancer Surveillance 
Consortium, data from community practice in 5 
regional imaging registries [6] showed that out 
of 348,955 women receiving a screening mam-
mogram, only 1,499 (0.4%) underwent screening 
MRI.  High breast density and previous lobular 
carcinoma in situ were significantly associated 

with MRI screening, but 83% of screening MRIs 
occurred among women with lifetime risk lower 
than 20% and 36% among women considered at 
low-to-average BC risk. The authors concluded 
that utilization of screening MRI in community 
settings is not consistent with guidelines and the 
goal of delivery of high-value care.

In our opinion, the challenge for public health 
programs is to integrate these protocols for high- 
risk women into the general screening organiza-
tion. This should be part of models for stratification 
of BC screening protocols on the basis of differ-
ent risk classes, up to a modulation based on the 
individual risk estimate, even including a possible 
reduction of screening invitations to very low-
risk women. Studies exploring this hypothesis are 
ongoing, one of them being the my personalized 
breast screening (MyPeBS) study [7].

The first reported experience of integra-
tion of high-risk screening including MRI into a 
population- based screening program was carried 
out in Canada. In 2014, Anna M.  Chiarelli and 
coworkers [8] from the Ontario Breast Screening 
Program reported on 2,207 women with gene 
mutation predisposing to a high BC risk or 
untested first-degree relative of a gene mutation 
carrier, or estimated personal lifetime risk ≥ 25%, 
or prior radiation therapy to the chest. While the 
recall rate was significantly higher for abnormal 
MRI alone (15.1%) than for abnormal mammo-
gram alone (6.4%), out of the 35 BCs detected 
(16.3‰), none were detected by mammogram 
alone, and 23 (65.7%) were detected by MRI 
alone (10.7‰). The authors showed that screening 
with annual MRI and mammography can be effec-
tively implemented as a dedicated section in the 
context of an organized breast screening program. 
The size of this organized program can be assessed 
from the following figures, reported in 2018 [9]: 
of 24,811 women who completed genetic assess-
ment, 16,367 (66.0%) had genetic counseling 
only, 8,444 (34.0%) had counseling and testing, 
and 8,027 (32.4%) met the high-risk criteria.

Another interesting experience was reported 
by Terri P. McVeigh and coworkers [10] with an 
article entitled “Successful repatriation of breast 
cancer surveillance for high-risk women to the 
UK National Health Service Breast Screening 
Programme.” In fact, in the United Kingdom, 
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since 2013, screening centers had to provide ser-
vices for high-risk women, including those being 
carriers of highly penetrant single gene mutations 
(BRCA1, BRCA2, TP53), previously undergoing 
surveillance at the Royal Marsden Hospital. The 
authors reported on patient experience of surveil-
lance provided by local services on and 3 years 
after repatriation. In 2014, 182/346 women 
(53%) responded to a questionnaire, the same 
percentage (246/464) in 2016. The percentage 
of women declaring to have received at least the 
recommended surveillance was 91% in 2014 
and 87% in 2016. At both time points, 17% of 
women required additional diagnostic investiga-
tions, with cancers detected in 2%. The authors 
concluded that repatriation to screening centers 
was successfully accomplished.

A single-center study from the University 
Hospital in Heidelberg [11] investigated coun-
selees’ adherence to recommendations for sur-
veillance or prophylactic surgery. They reported 
a 59% rate of full adherers to the recommenda-
tions, with significant predictors for partial or full 
adherence being having children, younger daugh-
ters, a higher awareness of the topic, a higher per-
ceived BC risk, and worries/impairment by it.

Thus, the most important issue is to extend 
the systematic offer of breast MRI to high-
risk women, to increase their awareness about 
the possibility to have genetic testing and the 
probability to get a BC, and to give them com-
plete information about advantages and disad-
vantages of MRI screening. This can be done 
in an effective way in the context of organized, 
population- based screening programs under the 
umbrella of well-identified breast units. This is 
our hope.

23.3  Do We Still Need High-Risk 
Screening in the Era 
of Increasingly Efficient 
Therapies?

The crucial questions are the following: are we 
reaching a break-even point where the advan-
tages of an earlier diagnosis by screening can be 

nullified by the increasing efficacy of systemic 
therapies? Is this possible, in particular, for high- 
risk women?

Some considerations regarding mammogra-
phy screening in the general female population 
are needed.

Sepideh Saadatmand and coworkers [12] 
investigated whether tumor stage at diagnosis 
still influences survival in the Netherlands. 
Two time cohorts were identified and com-
pared, 80,228 patients diagnosed in 1999–2005 
versus 93,569  in 2006–2012, when a wider 
use of systemic therapy was implemented. In 
univariate and multivariable analyses, tumor 
stage and nodal status significantly influ-
enced the overall and relative survival in both 
cohorts. The relative survival rates ranged from 
almost 100% in both cohorts for DCIS to 57% 
and 59% for T4 tumors in the old and recent 
cohorts, respectively. In multivariable analysis, 
breast-conserving treatment, more frequent for 
the 2006–2012 cohort, was associated with a 
survival benefit compared to mastectomy and 
lymph node dissection, although less frequent, 
decreased overall survival. The wider use of 
chemotherapy in the 2006–2012 cohort con-
ferred a hazard ratio of death of 0.86. These 
large-scale results clearly demonstrate that 
while the use of chemotherapy impacts on 
survival, tumor size at diagnosis still matters. 
Authors conclude that “in the current era of 
effective systemic therapy, diagnosis of BC at 
an early tumor stage remains vital.”

In 2018, an investigation from the Stanford 
University, California, USA [13], assessed 
to what extent digital screening and newer 
systemic therapies contribute to reduction in 
overall BC mortality for women aged 30 to 
79 years with different molecular BC subtypes 
from 2000 to 2012. Their results are summa-
rized in Tables 23.2 and 23.3. The overall mor-
tality reduction increased from 37% to 49%. 
Screening advances contributed on average for 
17% of this reduction, reaching 22% for BCs 
being both estrogen receptor (ER)- and human 
epidermal growth factor receptor 2 (HER2)-
negative. In 2012, the relative contribution of 
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screening versus therapy in determining mor-
tality reduction was 37% versus 63% overall, 
48% versus 52% for BCs being both ER-and 
HER2-negative.

It is not easy to translate these results to the 
high-risk population. However, the combination 
of the definitively higher sensitivity of MRI for 
small cancers in comparison to mammography 
and ultrasound shown by many studies [14, 15], 
the well-known higher growth rates of BCs in 
high-risk women [16, 17], and the higher rate 
of triple-negative BCs in BRCA mutation car-
riers when compared to the general population 
[18], clearly play in favor of a beneficial effect 
of MRI screening in these women. The effect of 
the combination of MRI screening and modern 
therapies of triple-negative BCs has been shown 
by follow- up data of the HIBCRIT study [18] 
(see Chap. 13).

23.4  Competition from Outside 
Imaging

A first option to consider for the future is a series 
of techniques grouped under the term liquid 
biopsy. They are based on the molecular analysis 
of biological fluids, typically blood, of nucleic 
acids, subcellular structures such as extracellular 
vesicles and exosomes, as well as, in the context 
of cancer, circulating tumor cells and tumor- 
educated platelets [19–21]: the so-called tumor 
circulome (circulating tumor-derived material) 
[21]. These methods could play a role in the 
screening/surveillance for BC, including women 
at high risk.

Major advantages of these innovative, fast- 
evolving analytical technologies are the minimal 
invasiveness, the time resolution in longitudinal 
monitoring, and the potential to change the clini-
cal practice by exploring blood rather than tissue 

Table 23.2 Association of screening and treatment with breast cancer mortality in US women from 2000 to 2012

Mortality reduction (%)
Contribution to the difference in mortality reduction
in 2012 versus 2000 (%)

In
2000a

In
2012b Difference

Screening
advances

Chemotherapy 
advances

Hormone therapy
advances Trastuzumab

Overall 37 49 12 17 38 29 15
ER+/HER2– 39 51 12 19 39 42 0
ER+/HER2+ 39 58 19 12 22 25 41
ER–/HER2+ 29 45 15 11 32 0 57
ER–/HER2– 29 37 8 22 78 0 0

Source: Plevritis SK et al. (2018) JAMA 319:154–164 [13]
ER estrogen receptor, HER2 human epidermal growth factor receptor 2
aRelative to the estimated baseline rate of 64 deaths (model range, 56–73) per 100,000 women in 2000
bRelative to the estimated baseline rate of 63 deaths (model range, 54–73) per 100,000 women in 2012

Table 23.3 Association of screening and treatment with breast cancer mortality in US women in 2012

Mortality reduction (%)a Relative contribution (%)
Screening alone Therapy alone Screening + therapy Screening Therapy

Overall 21 35 49 37 63
ER+/HER2– 21 38 51 36 64
ER+/HER2+ 21 47 58 31 69
ER–/HER2+ 20 30 45 40 60
ER–/HER2– 20 22 37 48 52

Source: Plevritis SK et al. (2018) JAMA 319:154–164 [13]
ER estrogen receptor, HER2 human epidermal growth factor receptor 2
aRelative to the estimated baseline rate of 63 deaths (model range, 54–73) per 100,000 women in 2012
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biopsy as a source of information [21]. The first 
important milestone in a clinical application of 
liquid biopsy was reached in 2016, when the Food 
and Drug Administration approved the first com-
panion diagnostic test for lung cancer based on the 
circulating deoxyribonucleic acid [22]. The poten-
tial clinical impact of these technologies promoted 
several investigations to assess the value of liquid 
biopsies to monitor disease response and track the 
emergence of drug resistance in patients affected 
by different cancers.

Major present restrictions to the use of these 
new technologies for cancer screening are the 
limited amounts of circulating deoxyribonucleic 
acid and circulating tumor cells, the confounding 
effects of somatic mutations originated from nor-
mal cells, the general need for improvements in 
accuracy and detection limits, and the present lack 
of validation. Preliminary data from the ongoing 
Memorial Sloan Kettering Discovery Study [23] 
were discussed at the 2018 annual meeting of the 
American Society of Clinical Oncology on liquid 
biopsy screening of patients with lesions classi-
fied as category 4 according to the Breast Imaging 
Reporting and Data System (BI-RADS) [24]. 
These data showed  that the mean detection rate for 
333 BCs was only 21% (95% confidence interval 
[CI] 17–26%), with a difference when considering 
triple-negative cancers (56%), HER2-positive can-
cers (34%), and hormone receptor-positive HER2-
negative cancers (11%), to be compared to higher 
values reported for other cancers, for instance, 80% 
(95% CI 44–98%) for 10 ovarian cancers and 63% 
(95% CI 42–81%) for 27 colorectal cancers. Even 
though preliminary, these data show that liquid 
biopsy screening is yet not ready for BC. However, 
future improvements are expected and could dra-
matically change this scenario.

Other BC screening perspectives may come 
from smart technologies. Among wearables, 
smart bras (i.e., BC-detecting bras) remain a pos-
sible option. This is a long story. Already in 2008, 
the literature [25] reported on a 10-year dream of 
a heat-sensing (thermographic, so in some way 
still referring to an imaging technology) bra that 
could detect early signs of BC in premenopausal 
women. The idea was that wearing the bra for 
1 h every day for a month, a woman could learn 

whether she is at high risk of BC. However up 
to 2008, no trials were conducted. Technology 
evolved into systems of microwave antennae, but 
it was not translated into a usable smart bra. The 
question remained the following: “What are the 
statistical strengths of the signals?” [25]. In 2016, 
a technical proof-of-concept paper [26] reported 
on a compact and ultra-wideband and flexible 
material antenna in microwave (20  ×  14  mm2) 
designed to be implemented in a bra, operating 
at frequencies from 4 to 6 GHz. The authors said 
that the system exhibited an excellent omnidi-
rectional radiation pattern with an average effi-
ciency above 70% and average gain above 1 dBi. 
A French-Swiss cooperation is now trying to 
develop a solution based on the measurement 
of electrical and thermal properties of the mam-
mary tissues. This sensor-equipped intelligent 
bra is intended to early detect cancers primarily 
in high-risk women [27]. However, while smart 
bras represent a very intriguing possibility, no 
screening results are available up to now.

These new perspectives, when ready for 
clinical prospective evaluation, could be firstly 
applied to high-risk women as a high-incidence 
ground, as it was for MRI.

23.5  The Competition from Non- 
MRI Modalities and the 
Potential of CEM

Non-MRI-based imaging methods could repre-
sent an alternative to MRI for high-risk screening 
only if able to provide a similar high sensitivity 
joined to an acceptable specificity and positive 
predictive value (PPV). As explained in Chaps. 
9 and 11 of this book, neither mammography 
(screen-film or digital) nor handheld ultrasound 
(HHUS) can compete with MRI for this task 
to the point that the “MRI-alone” approach has 
been demonstrated to be valid by many studies 
(see Chap. 11). New possibilities are offered 
by DBT, ABUS, CEM, and various techniques 
called “optical imaging.”

The potential of DBT for high-risk screen-
ing was not specifically investigated by means 
of prospective studies. A useful contribution has 
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recently come from Roark and coworkers [28]. 
The authors retrospectively identified 4,418 
breast MRI screening examinations. Of them, 
2,291 were performed in patients with a nega-
tive digital mammogram in the 12 months before 
MRI (timeframe 2010–2012), while 2,127 were 
performed in patients with a negative DBT exam-
ination in the 12 months before MRI (timeframe 
2013–2015). These women were at increased risk 
for BC, including genetic predisposition, personal 
history of BC or high-risk lesion, prior chest irra-
diation, family history, or other risk factors con-
ferring a lifetime risk of greater than 20%. The 
MRI cancer detection rate was not significantly 
different for MRI after negative mammography 
(11‰ examinations) versus MRI after negative 
DBT group (16‰ examinations; odds ratio 1.4; 
95% confidence interval 0.4–1.2; p = 0.23). No 
statistical differences were found also for MRI 
abnormal interpretation rate (7.4% versus 7.3%), 
PPV11 (15% versus 22%), PPV22 (23% versus 
33%), and PPV33 (28% versus 35%). In both 
groups, the majority of MRI- detected cancers 
were invasive, less than 1 cm, and node-negative. 
Thus, there is some evidence that DBT, when 
performed instead of a simple mammogram, does 
not reduce the diagnostic gain of MRI.

We can indirectly say that DBT is not an 
alternative to MRI in high-risk women. If mam-
mography is performed, it can be used generating 
two-dimensional synthetic images with an x-ray 
exposure lower than that provided by digital 
mammography [29], but no substantial diagnos-
tic gain is expected. In other words, as was for the 
shift from screen-film to digital mammography 
[30], that to DBT did not solve the intrinsic dif-
ficulties of an unenhanced x-ray-based modality 
in early BC detection in high-risk women: denser 
breast tissue, falsely benign appearance of malig-
nant lesions, paucity of malignancy with micro-
calcifications, and fast growth of cancers.

1 PPV1 is the fraction of true positives related to all posi-
tive recalls.
2 PPV2 is the fraction of true positives related to the num-
ber of recommended biopsies.
3 PPV3 is the fraction of true positives related to number of 
performed biopsies.

Another potential alternative to screening 
MRI may be ABUS, with its intrinsic reduc-
tion of operator dependency of HHUS.  Two 
studies explored the role of ABUS in high-risk 
women, one of them with direct comparison to 
MRI.  Kelly and coworkers [31] studied 4,419 
women with dense breast and/or at elevated risk 
of BC with mammography and supplemental 
ABUS. They doubled the diagnostic yield from 
3.6‰ to 7.2‰, with the number of detected 
invasive cancers 10  mm or less in size tripled 
from 7 to 21, and a PPV of 39.0% and 38.4%, 
respectively. Halshtok Neiman and coworkers 
[32] compared prospectively ABUS and MRI 
screening, performed 6  months apart or less, 
in Jewish BRCA1/2 mutation carriers. Only 68 
women, 40 BRCA1 and 28 BRCA2 mutation 
carriers, underwent 79 paired ABUS and MRI 
examinations. Of 14 discordant cases, there was 
1 cancer, revealed by MRI and not by ABUS per-
formed 6 months prior to MRI.

In the absence of large prospective studies, 
we can say that in high-risk women, ABUS most 
probably significantly increases the detection rate 
in comparison to mammography but does not par-
allel the high sensitivity of MRI. There is some 
evidence in mixed cohorts (screening and symp-
tomatic women) that the performance of ABUS 
may be similar to that of HHUS [33, 34]. We note 
that it does not seem that there is an increase in 
sensitivity in comparison to HHUS. On the other 
hand, when HHUS was compared to MRI in a 
large-scale screening study of women with ele-
vated cancer risk and dense breasts [35], the sup-
plemental cancer yield was 3.7‰ for HHUS and 
14.7‰ for MRI. The number of screens needed 
to detect 1 cancer was 127 for mammography, 
234 for HHUS after negative mammography, and 
68 for MRI after negative mammography and 
HHUS results. If ABUS and HHUS have similar 
sensitivities, ABUS cannot change the scenario 
of MRI superiority for high- risk screening.

A real potential competitor of MRI is CEM. Its 
development [36] has been based on the preferen-
tial uptake of iodinated contrast agents by breast 
tumors due to their two-compartment (vascular/
interstitial) pharmacokinetics, equal to that of 
gadolinium chelates used for contrast- enhanced 
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MRI. After a first phase in which a temporal sub-
traction (contrast-enhanced minus unenhanced 
images) was attempted [37], a recombination of 
low- and high-energy images acquired after intra-
venous injection of iodinated contrast agents was 
adopted [38]. Even though technical and proce-
dural standardization is still lacking [39], across 
the last 15 years, CEM has been introduced in var-
ious clinical settings, such as the diagnostic work-
up of symptomatic women and screening recalls, 
problem-solving of equivocal mammographic 
findings, preoperative local staging, postoperative 
surveillance, neoadjuvant therapy monitoring, 
and also screening of women at increased risk or 
with dense breasts [36, 40]. The diagnostic per-
formance was always increased in comparison to 
digital mammography, DBT, or ultrasound, fre-
quently reaching performances similar to those of 
CE-MRI [40]. Of note, CEM low-energy images 
have been demonstrated to be substantially equiv-
alent to plain digital mammography images [36], 
which means that a CEM examination practically 
provides the information of a “standard” mammo-
gram (from the low- energy images) plus that of 
contrast-enhanced imaging (from the recombined 
low- and high- energy images). Interestingly, 
a study [41] found that in screening women at 
increased risk of BC, a shorter examination time 
and a less taxing procedure made CEM better 
tolerated by patients than CE-MRI (even though 
MRI is a non-breast-compressive approach). 
Thus, can we consider CEM as a strong competi-
tor of CE-MRI for high- risk screening?

A recent article by Sung and coworkers [42] 
assessed the diagnostic performance of CEM as 
a screening tool for women at increased risk of 
BC.  The authors ultimately included 904 base-
line CEM examinations, performed from 2012 
to 2016 with technical and procedural choices 
partly shared by other research groups around the 
world [39]. CEM provided a higher detection rate 
(15.5‰) than low-energy images alone (8.8‰), 
with a PPV of 29.4% and 34.8%, respectively. 
CEM showed a significant higher sensitivity 
compared to low-energy images (87.5% versus 
50.0%) with a significant increase for the nega-
tive predictive value too (99.7% versus 99.0%). 
Specificity was 93.7% for CEM and 97.1% for 
low-energy images. Of note, CEM specificity 
and false-positive rate reported by this study is 

comparable to the ones of CE-MRI applied to the 
similar category of women at increased risk [43].

An important point is the rate of acute adverse 
reaction to the iodinated contrast agents, which is, 
in the radiological experience, on average higher 
than that of gadolinium-based contrast agents (see 
Chap. 5). Sung and coworkers [42] reported a total 
of 15 adverse reactions to iodinated contrast agent 
in 904 patients (1.7%), over two times the pooled 
value of 0.82% (95% CI 0.64–1.05%) recently 
obtained in a meta-analysis of 14,012 patients from 
84 studies [39], a rate probably underestimated due 
to sporadic reporting of the vast number of mild 
adverse reactions that resolve without any medical 
intervention, as were 13 out of 15 (87%) adverse 
reactions reported by Sung et  al. [42]. Anyway, 
also moderate or severe reactions to iodinated con-
trast agents reported for CEM in this or other pub-
lications always resolved without sequelae.

The published clinical experience of CEM is 
now over 16,000 examinations in different clini-
cal settings, and new papers are published every 
month. Pooling the data of 50 studies totaling 
7,516 and 6,915 lesions, sensitivity was 94.1% 
(95% CI 92.1−95.6%), specificity 66.6% (95% 
CI 59.6−72.9%), positive likelihood ratio 2.81 
(95% CI 2.28−3.52), and negative likelihood 
ratio 0.09 (95% CI 0.07−0.11); the summary 
area under the curve at receiver operating (ROC- 
AUC) analysis has a value of 0.9214. To be prac-
tical, CEM has been shown to have a diagnostic 
performance very close to that of CE-MRI with a 
general favorable balance in terms of advantages/
disadvantages, as summarized in Table 23.4.

Thus, CEM is a possibly preferred technique for 
many indications such as problem-solving for equiv-
ocal findings at first-level examinations, neoadjuvant 
therapy response monitoring, and identification of 
occult primary BC.  In particular, in the preopera-
tive setting, the high ease of interpretation (by the 
surgeons) could play a pivotal role. Moreover, the 
creation and implementation of a CEM-specific 
BI-RADS lexicon will help to refine lesion charac-
terization. Studies aiming to explore this possibility 

4 Cozzi A, Monti CB, Monaco C et al (2020) Contrast-
enhanced mammography (CEM): a systematic review and 
meta-analysis of diagnostic performance (Abstract 
accepted as Oral Presentation at the European Congress of 
Radiology 2020).
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resulted both in improvements of CEM specificity 
and more appropriate biopsy referral [45].

However, when considering the application 
of CEM to high-risk screening, radiation expo-
sure associated with CEM has to be taken as a 
crucial point (see Chap. 12). In fact, repeated 
low-dose radiation exposure leads to substantial 
increased risk of radiation-induced BC in women 
with hereditary predisposition to BC, particularly 
young carriers of deleterious mutations [46]. 
In fact, guidelines suggest to avoid or limit the 
use of mammography in these women, adopting 
the “CE-MRI-alone” protocol or adding ultra-
sound instead of mammography, as happens in 
Australia [47] and some European countries [48, 
49]. However, other guidelines (as in the United 
States [50]) recommend screening high-risk 
women with both CE-MRI and mammography, 
performed either concurrently or at a 6-month 
interval. In the case of mammography 6 months 
apart from CE-MRI, CEM instead of mammog-
raphy can be considered as a more effective 
strategy than standard mammography to avoid 
interval cancers. In our view, in women with 
hereditary predisposition to BC, especially those 
who carry deleterious BRCA/TP53 mutations, 
the cautious “CE-MRI-alone” strategy should be 
preferred even over 40 or 50 years of age.

A different scenario is that of high-risk women 
who underwent prior chest radiation therapy 
(typically women who are lymphoma survivors), 
a topic extensively treated in Chap. 14. These 
women tend to develop BCs with a relatively 

higher proportion of ductal carcinoma in situ pre-
senting with microcalcifications and low neoan-
giogenesis, the latter also as an effect of radiation 
therapy, which may be missed on CE-MRI [51]. 
This is the reason for which guidelines suggest 
to combine CE-MRI and mammography to maxi-
mize sensitivity. In that case, CEM is the natural 
candidate one-shop-stop modality for screening: 
the low-energy image gives us the unenhanced 
morphologic information (including the pos-
sible presence of microcalcifications), while the 
recombined low-/high-energy image gives us the 
functional information about contrast uptake. 
Prospective, well-designed studies on CEM for 
screening lymphoma survivors are expected. Of 
note, the direct parallel visualization of micro-
calcifications on low-energy images and in the 
possibly associated contrast enhancement [52] 
is one peculiar advantage of CEM, solving one 
well- known limitation of CE-MRI.

Breast-dedicated computed tomography 
(BDCT) units are already available for clinical 
use [53]. This technique, which is performed 
in prone position with unilateral image acqui-
sition, has some advantages such as the real 
three- dimensional acquisition, the lack of breast 
compression, and the potential 360° open access 
to interventional procedures. No studies are 
available on the application of this new technol-
ogy to high-risk screening.

A recent study by Nicole Berger and coworkers 
from the University Hospital Zurich, Switzerland 
[54], retrospectively reported on 300 consecutive 

Table 23.4 Technical, procedural, and diagnostic characteristics of contrast-enhanced breast magnetic resonance 
imaging (CE-MRI) and contrast-enhanced mammography. Modified from [44]

Characteristics CE-MRI CEM
Type of imaging Three-dimensional Two-dimensional
Multiparametric technique Yes No
Kinetic analysis Yes No
Sensitivity High High
Specificity and PPV Acceptable/good Acceptable/good
Contraindications Several Few
Radiation exposure No Yes
Contrast agent health issues Yes Yes
Ease of interpretation Low High
Breast compression No Yes
Patients’ preference Lower Higher
Cost Lower Higher
Accessibility Low to intermediate Intermediate to high

PPV positive predictive value
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BDCT examinations performed with the latest CT 
technology, i.e., photon counting. The main rea-
son for preference of BDCT was the lack of breast 
compression (85%). Four BCs were detected 
(incidence 1.3%), but 102 possible lesions were 
detected. Additional ultrasound was performed in 
226 women (102 as targeted examinations, 124 
due to dense breast tissue), and 3 additional can-
cers were detected (additional cancer yield 1%). 
The pectoralis muscle was included in only 58% 
of the examinations, and complete assessment of 
breast tissue was only possible in about 24% of 
examinations. The authors are correctly very cau-
tious in their conclusions suggesting BDCT as an 
alternative in those patients not otherwise will-
ing to perform mammography because of breast 
compression. However, here the crucial question 
is why not MRI?

In addition to these limitations, we must con-
sider the need of double acquisition for bilateral 
examination and, as the most relevant drawback, 
radiation exposure, which is surely the crucial 
point for its application to screening, in particular 
to high-risk women. Using the well-known cone- 
beam technology, Johannes Uhlig and coworkers 
from the University Medical Center Göttingen, 
Germany [55], reported on the assessment of 31 
patients with 57 BI-RADS 4 or 5 lesions identified 
on mammography and/or ultrasound (30 malignant 
and 27 benign). Patients underwent enhanced and 
contrast-enhanced BDCT 2 and 3 min after con-
trast injection. Malignant showed a significantly 
higher enhancement than benign lesions at both 
time points, but the difference was larger at 2 min. 
However, this CT technology delivers a high x-ray 
dose: the average glandular dose was 8.8 ± 4.4 mGy 
for the unenhanced scan only and 26.1 ± 12.0 mGy 
for the entire examination including also both the 
2-min and 3-min scans, unacceptable levels for 
screening average- risk women, unethical for high-
risk women also in a research setting.

Even for photon-counting technology, recent 
results published by Willi A.  Kalender and 
coworkers [56] from the University of Erlangen- 
Nürnberg, Germany, reported an average glandular 
dose per-breast of 5 mGy, a value still remaining 
in the range of values reported for CEM (ranging 
from 0.43 to 2.65 per-view, i.e., from 0.86 to 6.30 
per-breast [39]). The comparison with the limits 

suggested by the European guidelines [57] should 
take into account the thickness of the breast (of 
the polymethylmethacrylate phantom, for qual-
ity check procedures). These limits distinguish 
between acceptable values and achievable value 
and range, per-view, from < 1.0 mGy (acceptable) 
and < 0.6 mGy (achievable) for a 2-cm polymeth-
ylmethacrylate thickness to < 6.5 to < 5.1 for a 
7-cm polymethylmethacrylate thickness. This 
means that for a breast with an average thickness 
(4.5 cm), a 5-mGy radiation exposure from BDCT 
would be equivalent to the acceptable exposure 
for a two- view mammogram but about 25% 
higher than that suggested (“achievable” value). It 
is highly probable that improvements of photon-
counting technology applied to dedicated breast 
CT will further reduce the radiation exposure (the 
same being true for digital mammography, DBT, 
and CEM) but the same radioprotection concerns 
we raised above for the use of CEM high-risk 
screening hold for dedicated breast CT.

Finally, optical imaging deserves some com-
ment. Its application to the breast is in an early 
phase of development. It comprises a spectrum 
of different technologies including diffuse optical 
spectroscopy and imaging, fluorescence molecu-
lar tomography, photoacoustic imaging, and mul-
tiparametric infrared imaging [58]. Interesting 
results were reported by Roxanna J.  Hellgren 
and coworkers from the Södersjukhuset Hospital, 
Stockholm, Sweden [59], using infrared imaging 
to identify women with negative mammography 
and dense breasts having a higher probability to 
bear a cancer, and using CE-MRI for side and site 
detection: of 1,727 women enrolled, 222 (12.9%) 
were sent to CE-MRI, and in 5 of them (2.3%), 
malignant lesions were found; this tool was used 
to select women for CE-MRI examinations. Up 
to now, no studies are available for specific appli-
cation of optical imaging to high-risk screening.

23.6  Novelties from Inside MRI

A fourth trend for change comes from inside 
MRI.  Abbreviated contrast-enhanced protocols 
are already in use for breast MRI screening pro-
viding the substantial effect of reducing cost and 
execution and interpretation time [43, 60–62], as 
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explained in Chap. 4. The doses of gadolinium 
chelate can be probably reduced, as shown by 
Paola Clauser and coworkers from the University 
of Vienna [63], taking into account that the “stan-
dard” dosage (0.1 mmol/kg) has been validated 
with studies started more than 20 years ago [64], 
with old hardware (magnets and coil) and soft-
ware (sequences) allowing for spatial resolutions 
and contrast-to-noise ratios certainly much lower 
than those we are able to obtain today.

However, a potential revolution could come 
from unenhanced MRI protocols, especially 
including DWI sequences which clearly outper-
formed proton magnetic resonance spectroscopy 
in terms of sensitivity and specificity for clini-
cal applications [65]. Especially DWI has some 
potential for becoming a fast, non-contrast, non- 
breast- compressing, and radiation-free screening 
modality. An open issue is the lack of standard-
ization and the variable image quality depending 
on the echo-planar structure of the sequence [66]. 
A recent meta-analysis [67] provided pooled data 
on breast DWI diagnostic performance from 
73 eligible studies, 6,791 lesions (3,930 malig-
nant and 2,861 benign): 89% sensitivity, 82% 
specificity, and 0.92 ROC-AUC.  However, this 
data regards mixed cohorts also including large 
lesions and not always independent readings, 
clearly not comparable with screening settings.

Promising results were obtained using blinded 
unenhanced MRI, basically DWI, double read-
ing in retrospective clinical non-high-risk series. 
Rubina M.  Trimboli and coworkers from the 
IRCCS Policlinico San Donato, Milan, Italy [68], 
evaluated a total of 116 breasts of 67 women, 
with a 32% per-BC prevalence (30 invasive duc-
tal cancers, 2 invasive lobular carcinoma, and 5 
DCIS). Per-breast sensitivity was 78% for reader 
1, 76% for reader 2, and 78% for double reading; 
specificity was 90% for both readers and 87% 
for double reading. Interobserver agreement was 
almost perfect (κ = 0.873). More recently, Anna 
Rotili and coworkers from the European Institute 
of Oncology, Milan, Italy [69], evaluated 378 
women totaling 705 breasts. Per-BC prevalence 
was 14%. Per-breast sensitivity was 87% for 
readers and 93% for independent double reading, 
and per-breast specificity was 93% for reader 
1, 88% for reader 2, and 86% for double read-

ing. The interobserver agreement was substan-
tial (κ = 0.736). Interestingly, per-lesion double 
reading sensitivity for cancers ≤ 10 mm reached 
71%. The authors also reported that the DWI 
acquisition time varied from 3:00 to 6:22  min; 
the median interpretation time per patient was 
46 s for reader 1 and 51 s for reader 2. So far, no 
studies evaluated the performance of unenhanced 
(DWI) MRI protocols in the specific setting of 
high-risk screening. This is a perspective also 
deserving well-designed prospective studies.

23.7  Conclusions

The future of screening of women at high BC risk 
will be a partially unexpected combination of the 
trends mentioned above5. This combination will 
be mixed with the impact of AI which is the new 

5 A couple of interesting papers have been recently pub-
lished and have to be mentioned. The first one regards the 
results of the DENSE study – Bakker MF, de Lange SV, 
Pijnappel RM et al. (2019) Supplemental MRI screening 
for women with extremely dense breast tissue. N Engl J 
Med 38:2091–2102 – a multicenter randomized con-
trolled trial. The authors invited 8,061 women to MRI and  
32,312 women to mammography (1:4 ratio). The 2-year 
interval cancer rate was 2.5 per 1,000 in the MRI group 
versus 5.0 per 1,000 in the mammography group 
(p < 0.001), an important result showing that the high 
MRI detection rate (16.5 per 1,000) allowed to halve the 
interval cancer rate. However, for MRI, PPV1 (recall rate) 
was 17%, PPV3 (biopsy) was 26%, and the false positive 
rate was 8%, while MRI screening was accepted only by 
59% of the invited women. In addition, considering that 
this was a prevalent screening round, the authors noted 
“the relatively large number of well-differentiated and 
hormone-positive cancers among the MRI participants” 
and that an unknown fraction of MRI-detected cancers 
may represent overdiagnosis. The second paper – Obdeijn 
IM, Mann RM, Loo CCE et al. (2020) The supplemental 
value of mammographic screening over breast MRI alone 
in BRCA2 mutation carriers. Breast Cancer Res Treat 
181:581–588 – reported an overall screening sensitivity of 
95.2% (81/85), with only 4 interval cancers, with a sensi-
tivity of 86% for MRI and 50% for mammography 
(p < 0.001). In women below 40, one 6-mm grade 3 DCIS 
was detected by mammography, being only retrospec-
tively visible on MRI, while other 7 cancers detected only 
at mammography were diagnosed in women aged 50 
years and older, increasing sensitivity in this subgroup 
from 80% to 96% (p < 0.001). The authors concluded by 
suggesting to postpone mammographic screening in 
BRCA2 mutation carriers to at least age 40.

23 Hypotheses for the Future
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factor extensively discussed in the literature as 
potentially changing the world of medical imag-
ing [70], with relevant implication on ethics and 
regulatory issues [71].

The general impression is that this will be a 
second profound digital revolution. After the 
simple change in the physical nature of images 
(from screen-film to digital), the second revolu-
tion comes from the nature of the entire digital 
process: images are more than pictures; they 
are data [72]. Today this implies the possibility 
of using machine learning methods that provide 
results going well beyond what we had from 
traditional computer-assisted detection/diag-
nosis systems (see Chap. 7). While MRI is the 
preferred imaging modality for AI application 
in research papers [73], a survey among mem-
bers of the European Society of Radiology [68] 
showed that breast imaging is perceived as the 
subspecialty mostly impacted by AI.  This is 
probably due to the known high performance 
of machine/deep learning software substantially 
ready to work as one of the two readers of screen-
ing mammography. However, the screening read-
ing has similar basic characteristics for whatever 
imaging and breast MRI; especially abbreviated 
contrast-enhanced protocols or simplified unen-
hanced protocols could be perfect candidates for 
AI systems for BC screening.

A systematic mapping review on AI for breast 
MRI [74] performed in June 2018 found 69 stud-
ies, which addressed breast lesion classification 
(54%), image processing (21%), prognostic imag-
ing (13%), and response to neoadjuvant therapy 
(12%). Supervised learning algorithms were pri-
marily used for lesion characterization, with a 
median ROC-AUC value of 0.87, a performance 
that does not allow them to be incorporated into 
clinical practice. A very recent work from the 
Tianjin Medical University Cancer Institute and 
Hospital, China [75], reported that a trained predic-
tive model yielded a ROC-AUC value of 0.89 on an 
independent image set. However, we are only at the 
beginning of this road, and studies applying AI to 
MRI BC detection in the screening setting are lack-
ing. But they are expected to arrive soon.

Independent of any AI applications to 
imaging (or also non-imaging) BC screening 
modalities, high-risk screening will be surely 
included into a general strategy to differentiate 
the age of beginning to screen, the (imaging) 
modalities, and the interval between screening 
events, according to the level of overall BC risk 
(lifetime or in the next 5 or 10 years), of risk 
of mammographically occult BC, and of risk 
of biologically aggressive BC. Breast MRI for 
high-risk screening has only tracked a first step 
of a long and large way.

At any rate, we should not forget that in 
hereditary BC predisposition, even a BRCA1 del-
eterious mutation does not imply the certainty of 
BC during the woman’s life: penetrance is lim-
ited, and up to 30–40% of mutation carriers do 
not develop the disease. As the Angelina Jolie 
story has shown, to know our genetic predis-
position can guide our choices (see Chap. 19). 
However, we are not our genes. Environment 
and behavioral factors (epigenetics) play a role. 
A randomized controlled trial conducted at the 
University of Pennsylvania in high-risk women 
[76] showed that a 5-month 150 or 300 min/week 
aerobic exercise obtained a significant reduc-
tion in body mass, fat mass, body fat, and sub-
cutaneous and visceral fat. Interestingly, for each 
−1 cm2 reduction in visceral adipose tissue, the 
background parenchymal enhancement on breast 
MRI decreased on average by −3.43  cm2 and 
explained 9.7% of the variability in background 
parenchymal enhancement (while changes in 
the other body composition parameters did not 
significantly correlate with changes in back-
ground parenchymal enhancement). The authors 
concluded that shifting energetic homeostasis 
through exercise may alter the risk of developing 
BC also in high-risk women.

It is good news that breast MRI could sup-
port BC research not only on the side of second-
ary prevention, i.e., early detection, but also on 
the side of primary prevention, which would be 
the best aim of social efforts against BC.  We 
sincerely hope that this represents more than a 
hypothesis for the future.
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